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THEME 


One  of  the  characteristics  or  modern  high-performance  aircraft  is  their  high  demand  for  power  Tor  electrical, 
hydraulical  or  pneumatic  subsystems.  On  board  auxiliary  power  systems  are  installed  to  fulfil  this  demand.  In  past  years, 
the  design  of  these  systems  was  primarily  determined  by  the  increasing  power  levels  required.  For  the  future,  new 
requirements  concerning  the  economics  of  auxiliary  power  generation  and  thd  continuous  availability  of  auxiliary  power 
have  grown  out  of  the  general  fuel  situation  as  well  as  of  the  advent  of  new  technologies,  like  fly-by-wire  and  active 
control  technology.  The  latter  also  underline  the  need  lor  provision  of  emergency  power.  The  increasing  use  of 
electronics  and  avionics  on  board  aircraft  gives  rise  also  to  increasing  cooling  requirements,  which  must  be  taken  cart*  of 
by  auxiliary  power  systems. 

For  (he  provision  of  auxiliary  power  various  technical  systems  have  been  developed  and  new  solutions  discussed.  It 
was  the  purpose  of  the  meeting  to  review  the  current  state-of-the-art,  to  exchange  experiences,  and  to  discuss  future 
problems  of  auxiliary  power  generation. 


Les  avions  modernes  k  hautes  performances  sont  caract6riscs,  entre  autres,  par  un  besoin  considerable  en  energie 
pour  les  sous-syst&mes  clcctriques,  hydrauliques  ou  pneumatiques.  Des  groupes  mot  curs  auxiliaircs  sont  installs  k  bord 
pour  repondre  ;1  ce  besoin.  Jusqu’ici,  ces  groupes  moteurs  6iaicnt  essentiellcmcnt  con^us  en  fonction  des  niveaux  de 
puissance  accrus  qui  Itaient  requis.  Cependant,  des  impSratifs  nouveaux  en  ce  qui  concemc  I'tconomie  de  la  production 
ilc  puissance  auxiliaire  ct  la  disponibilittf  constante  de  ccttc  puissance  sont  apparus;  ils  rdsultent  de  la  situation  genl'alc 
au  plan  des  carburants  ainsi  qu  I'apparition  de  technologies  nouvelles  tellcsque  le  pilotage  par  fil  et  le  pilotage  actif.  Ces 
dernieres  technologies  font  cgalcment  ressortir  la  necessite  de  la  foumiture  d’une  6nergic  dc  secours.  L’emploi  de  plus  en 
plus  6tendu  d’dquipernents  diectroniques  k  bord  des  avions  se  traduit  egalcment  par  un  besoin  accru  en  syst6mcs  de 
rerroidissement,  auquel  doivent  pourvoir  des  groupes  moteurs  auxiliaircs. 

Divers  systemes  techniques  ont  ^t<  mis  au  point  pour  la  fourniturc  d’6neigic  auxiliaife,  et  des  solutions  nouvelles 
ffudiges.  Lc  but  dc  cette  rdunion  gtait  de  presenter  l*«6tat  de  Part  dans  ce  domaine,  de  suscitcr  des  6changcs  touchant 
I\  a  per  ie  nee  acquise,  et  d’etudier  les  problernes  que  posera,  k  I’avcnir,  la  production  dc  puissance  ;.'ixiliurc. 
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sed  on  the  historical  development  and  the  actual  status  of  requirements,  the 
/  of  essential  parameters  are  analyzed,  physical  and  technical  possibilities  are 
and  a  prognosis  is  offered. 


trends 

assessed 


Increasing  demaxtds  for  secondary  power  for  subsystems  a.id  more  powerful  engines  have  led 
to  stronger  secondary  power  components,  thus  creating  b  mass  problem.  Energy  losses 
add  a  thermal  problem.  Complexity  rises  rapidly  with  the  number  of  inputs  and  outputs. 

All  of  this,  together  with  such  aspects  aa  redundancy,  reliability,  safety,  maintain¬ 
ability  and  life  cycle  cost,  composes  today's  auxiliary  power  system. 

The  future  system,  in  response  to  high  performance  requirements  and  budgetary  and 
personnel  restrictions,  should  aim  at  less  complexity  and  more  efficiency. 

1,  ENERGY  IN  AIRCRAFT  ^ 

If  we  regard  all  sources  of  stored  energy  aboard  a  contemporary  combat  aircraft,  we 
can  identify  about  two  dozens  of  different  types  of  them.  The  largest  by  far,  of 
course,  is  the  main  fuel  system  destined  to  feed  large  and  powerful  engines  in  order 
to  achieve  good  performance  characteristics,  which  usually  means  a  high  thrust/weight 
ratio.  The  energy  converted  for  the  latter  purpose  is  by  magnitudes  higher  tiian  that 
required  for  the  different  subsystems  which,  on  their  part,  are  powered  by  the 
secondary  power  system,  drawing  its  energy  in  flight  from  the  main  engines,  whose 
operation  as  a  propulsive  force  for  ground  operations  involves  a  tremendous  waste. 

A  modem  military  aircraft  is  expected  to  have  a  total  lifetime  of  150  000  to 

200  000  hours;  of  this  time,  some  few  percent  are  airborne,  while  another  percentage 

in  the  order  below  10  refers  to  ground  operation. 

For  some  thousand  hours,  energy  in  different  form*  must  be  provided.  If  there  is 
a  requirement  for  autonomous  operation,  the  most  reasonable  energy  source  is  main 
fuel,  in  terms  of  logistics  as  well  as  of  cost. 

Today's  tool  for  conversion  of  main  fuel  energy  Into  usable  energy  forms,  e.g. 
shaft  power  to  produce  electrical  current  or  pressure  air  for  cooling  and  other 
purposes,  is  s  small  gas  turbine,  increasingly  found  in  advanced  aircraft  systems 
since  about  the  sixties,  as  the  operation  of  a  main  engine,  equivalent  to  about 
6  000  kW  -  even  xn  MidIeM  status  -  means  very  poor  efficiency  in  the  magnitude  of 
2  percent. 

2.  HISTORICAL  DEVELOPMENT 

A  glance  into  history  shows  the  advance  of  flight  vehicles  under  uifferent  aspects, 
such  as 

-  speed  (note  the  need  for  power-aided  and  non-linearily  connected  controls),  Vig.1 

-  dimensions  and  masses  (requiring  "aids"  for  the  human  sensors), 

-  altitude  (note  the  number  of  changing  parameters  up  to  detrlmental/perlloua 
states) , 

-  adverse  weather  operation  (requiring  a  controlled  environment  for  crew  and 
instrumentation) , 

-  capability  for  aerobatic  operations, 

-  reliability  (flights  over  sea  or  polar  regions). 


The  effects  of  this  development  on  equipment  and,  consequently,  on  its  power  demand 
have  been  tremendous: 


2.1  Fuel  System 

Increasing  engine  power  and  flight  duration  and,  especially,  the  Jvm>p  to  Jet 
engines  have  led  to  considerable  fuel  loads.  Today's  combat  aircraft  are  rated 
to  carry  internal  fuel  of  about  a  quart -r  of  their  T.O.  was.  Even  when  the  stowage 
problem  is  solved,  changes  in  weight/mo aents  of  inertia  of  this  magnitude  result 
in  problems  of  C/G,  of  ground  and  airborne  stability.  Inevitably,  partition  of 
the  fuel  mass  follows,  resulting  in  a  complex  fuel  system  with  a  number  oi 
redundant  pumping,  fuel  gauging,  level  sensing,  switching,  supervising,  inert  ng, 
pressurizing,  draining,  dumping  etc.  equipment,  a  lot  of  which  requires  energy. 
Modern  engines  need  some  kg/s  of  fuel;  accordingly,  the  power  demand  of  the 
diverse  fuel  pumps  is  in  the  range  of  some  10  kW  per  engine,  the  load  being 
about  constant  (except  for  afterburner  operation)  and  connected  to  the 
electrical  and  mechanical  drive  subsystem. 


The  mass  of  the  fuel  system  relative  to  the  empty  weight  is  about  2  ...  3  ^  both  for 
combat  aircraft  and  helicopters.  The  tendency  is  growing  in  proportion  to  engine 
demands. 

2.2  Hydraulic  System 

Hydraulic  systems  made  a  fairly  late  appearance  in  aviation.  Their  increase  and  **8.2 
sophistication  is  quite  obviously  connected  to  the  advance  of  aircraft  in  the  areas 
of  speed,  dimension,  mass  (see  above),  automatic  flight  control  and  critical  systems 
design  as  Controlled  Configured  Vehicles  (CCV),  with  the  need  for  high  redundancies. 

The  power  requested  is  about  15  ...  20  ft  of  a  total  SPS-gearbox  power,  i.e.  somewhere 
between  Q  ...  40  kW,  showing  a  rapidly  growing  tendency,  as  this  subsystem  is 
directly  connected  to  the  operational  performances  of  the  aircraft,  Uie  lood  during 
a  mission  is  greatly  varying.  All  of  the  hydraulic  power  is  finally  converted  Pig. 
into  waste  heat,  distributed  by  the  system  fluid  and  dissipated  by  the  components  3 
and  their  installation. 

2.3  Electrical  System 

Electrical  energy  has  been  aboard  since  powered  flight  began,  starting  with  negligible 
power  levels  for  ignition  and  followed  by  ever  more  diverse  applications.  Thus 
in  the  years  before  World  War  II,  electrical  systems  resembled  those  of  motor  vehicles 
that  were  fed  by  DC  generators,  the  latter,  in  turn,  being  driven  by  air  turbines 
or  from  the  engine(s;.  Ever  higher,  faster  and  farther  flying  aircraft  made  it  **8** 
necessary  to  install  ever  more  equipment  to  grant  functional! ty,  comfort  and  safety 
for  man;  to  provide  for  regulation  and  control,  navigation,  communication,  super¬ 
vision,  lighting  and  deicing.  In  addition  to  all  sorts  of  sensors  and  weapons. 

There  la  hardly  anything  without  electrical  connection. 

The  necessary  power  could  no  longer  be  generated  and  distributed  as  direct  current. 
Today* s  heavy  combat  aircraft  In  general  have  alternators,  three  phase,  400  Hz, 
with  integrated  or  preceding  constant  speed  drive  (usually  a  hydraulically  controlled 
planetary  gear),  distributing  their  power  via  a  bus  system  into  a  widely  ramified 
network.  Bus  systems  have  been  used  in  thia  context  for  years.  The  electrical  f- 

aystem  -  as  the  other  systems  -  must  be  designed  for  peek  loads,  which  occur  only 
sporadically  or  never  during  missions  (e.g.  deicing).  It  Is  an  Interesting  question, 
whether  the  weight  necessary  for  this  design  case  can  be  diminished  when  a 
continuously  operating  APU  is  a  constituent  part  of  the  secondary  power  concept 
so  that  the  total  weight  will  benefit. 

The  electrical  power  generation  rating  is  a  good  indicator  of  the  complexity  and 
all-weather  capability  of  an  aircraft  and  usually  a  clue  for  any  significant  Fig. 6 
secondary  power  installation.  The  power  required  in  military  aircraft  is  about 
30  96  of  a  total  .-secondary  power  system  gearbox,  with  generators  rated  somewhere 
between  20  kVA  ...  60  kVA  each;  however,  this  is  by  far  exceeded  In  special 
aircraft  or  large  transporters  (e.g.  Advanced  Airborne  Command  Poet  total  generator 
rating  6  x  150  -  1,200  kVA),  and  usually  there  are  at  least  two  generators. 

Helicopters  (small)  provide  DC  generation  of  about  2x3  kW  up  to  2x40  kVA  (large) 
and  more.  A  special  function  is  engine  starting,  which  i.  found  essentially  in 
light  attack  A/C  and  helicopters.  If  the  electrical  system  la  a  DC  system,  a 
combined  starter/ gene rat or  will  bo  U3ed  most  probably. 

Almost  all  of  the  electrical  power  Is  finally  converted  inside  the  aircraft  into 
waste  heat  and  must  be  carried  overboard 

-  with  the  aid  of  new  energy, 

-  within  fairly  narrow  temperature  and  other  limits,  at  least  as  far  as  crew  and 
electronics  are  concerned;  but  even  for  general  equipment,  Arrhenius'  Law 
points  to  the  benefit  of  moderate  temperatures. 

Another  Interesting  relationship  with  thermal  housekeeping  and  the  mass  problem 
should  be  indicated:  The  electrical  system  can  be  considerably  overloaded  for 
short  periods,  the  main  parameter  in  that  case  being  temperature  build-up/cooling. 

Related  to  the  empty  weight,  the  electrical  systems  proportion  is  between  1.8  ... 

3.7  ft,  whilst  in  a  medium  transport  helicopter  this  rises  to  about  7  ft.  The 
tendency  is  gi-owing. 

2.4  Preseu-e  Air  and  Cooling  Air 

Pressure  air  for  the  air  supply  and  environmental  control  system  is  usually  tapped 
from  one  or  more  of  the  engines  cotrpressor  stages  in  quantities  of  about  .1  ... 

1  kg/s  and  some  100  degrees  C.  This  bleed  air  is  coole*  by  a  ram  air  or  ejector 
operated  cooler  and  then  further  processed,  e.g.  in  cooling  air  turbine,  additional 
ram  air/cjcctor  assisted  cooler(sJ,  watier  extractors,  and  then  distributed  with 
the  aid  of  a  variety  of  valves,  chokes,  regulators,  sensors  for  pressure, 
temperature  etc.  It  is  usad,  according  to  its  degree  of  preparation,  for 

-  "air  cooling11  for  the  crew  (e.g.  foot  or  body  spray), 

-  operation  of  pneumatic  drives  end  devices, 

-  supply  for  anti-g-suit, 

-  canopy  sealing  or  other  movable  parts/ slot  sealing, 


-  rein  removal  system  (blow  upon  wind  ahield/front  screen), 

-  canopy  pressurizing  and  demisting, 

-  cooling/air  conditioning  of  avionic,  equipment  gun  and  RADAR  bays, 

-  supply  of  compressed  air  to  external  loads  (pods,  tanks). 

Ay  thlu  i-  an  enormously  complex  inisk,  tho  system  muuL  be  equally  complex*  Hardly 
anything  la  constant,  neither  the  input  air  (varying  In  temperature,  humidity, 
composition,  pressure),  nor  the  other  environmental  conditions  (heat  rejection  or 
reception  of  the  environment,  depending  on  speed,  altitude  and  other  parameters), 
heat  rejection  of  the  equipment  \ variety  of  operating  condition  and  times),  different 
temperature  gradients,  heat  conductance  and  much  more.  For  illustrations 
At  12  kn  altitude,  the  cooling  air  requirement  is  about  A,  at  18  ka  about  10  times 
as  high  as  at  S.L. 

Some  basic  figures  for  demonstration  of  the  requirements: 

Electronics  with  less  than  6  mW/cmJ  heat  rejection  and  without  "hot  spots"  need  no 
special  cooling,  those  with  more  than  16  mk/cm3  need  forced  air  cooling j  when  more 
than  120  mV/c«3  are  expected,  air  cooling  Is  no  longer  sufficient. 

IXiring  ground  operation,  a  modern  fighter's  need  for  cooling  air  amounts  to  10  kg/min; 
If  that  Is  supplied  by  small  inlets,  a  n*  lse  problem  for  the  ground  crew  will  occur. 

The  power  required  for  the  air  aupply/environmental  control  system  is  considerable, 
ranging  from  about  70  kW  in  small  combat  aircraft  to  some  100  kV. 

As  this  air  Is  bled  from  the  englne(s),  the  energy  by-passes  the  mechanical  part  of 
the  secondary  power  syatem.  Relative  to  the  aircraft  empty  weight,  the  air  systems 
proportion  is  between  1.3  ...  1.7  %,  in  medium  transport  helicopter  about  1  %. 

Another  remarkable  feature  is  that  the  alrstream  can  carry  all  sorts  of  contamination 
to  every  comer  in  the  aircraft,  cockpit  Included,  be  it  oil  dust  or  things  related 
to  A,  B,  C  warfare. 

The  air  and  cooling  subsystem  is  very  closely  related  to  equipment  and  performance 
characteristics  and,  therefore,  a  design-dominating  system,  which  cannot  be  stealthily 
eluded.  The  trend  is:  Fairly  rapidly  growing  system  as  the  last  resort  for  removal 
of  waste  heat  from  all  other  systems. 

2.5  Power  off-take 

The  requirements  Cor  mechanical/pneumatic  power  must  be  satisfied  Fig. 7 

-  by  the  engine:  during  all  mi onion  phases, 

-  from  ground  sources;  precondition:  aircraft  at  adequately  equipped  and 
functioning  sites, 

-  from  aircraft  internal  power  source  other  than  main  engines. 

Re  dash  No.  1:  Fig  8 

Power  off-take,  even  if  only  in  the  percentage  region  of  an  engine’s  power,  can 
lead  to  or  favour  engine  operating  problems  in  some  areas  of  the  flight  nvelope 
and  during  critical  flight  manoeu'/ers  (engine  3urge/stall  with  possible  lame  out). 

Ke  dash  No.  3* 

The  only  eligible  source  could  be  a  battery.  Batteries  for  military  aircraft 
including  helicopters  range  between  15  Ah  ...  AO  Ah,  energetically  equivalent  to  a 
kerosene  mass  in  the  magnitude  of  100  g.  Formerly  sufficient  for  checks  of  moderate 
duration,  they  cannot  be  used  in  most  canes  today  for  various  reasons: 

-  DC  most  unsuitable  to  feed  a  three-phase  current  network; 

-  electrical  battery  power  would  be  consumed  in  a  very  short  time; 

-  no  cooling  air,  electronics  would  be  quickly  damaged; 

-  no  power/no  operational  condi tlon/no  test  practicable  for  hydraulic,  pneumatic, 
mechanical,  oil  systems  etc. 

Thus,  several  unfavourable  trends  add  together: 

A  lot  of  equipment  mexna  a  lot  of  (pre-flight)  testing,  requiring  electrical  and 
other  forms  of  energy  and  implying  large  generators  and  other  powur  drives.  All 
these  mechanical  loads  are  connected  to  the  shaft  of  the  engine,  thus  aggravating 
the  already  difficult  task  of  starting  a  large  engine,  or  they  are  connected  via 
clutches  end  control  mechanisms,  thus  contributing  to  complexity.  As  a  rule  of 
thumb,  the  starting  power  is  about  1  ^  of  the  engine  compressor  drive  Input  at 
rated  rpm  or,  even  more  roughly,  dry  thrust /daN  x  2  ...  3  -  starter  rating/kW. 


As  the  trend  in  engine  power  (e.g.  expressed  by  thrust/engine  weight)  ie  expected 
to  increase  and  as  this  will  be  accompanied  by  higher  pressures,  one  may  expect 
stsrting  power  to  increase  as  well.  Fig. 9 

3.  ACTUAL  REQUIREMENTS  AND  THE  IK  REALIZATION  IN  TERMS  OF  HARDWARE 

3.1  Requirements 

Actual  requirements  are  governed  by  the  effects  of  a  tremendous  increase  in  Pig.  10 
equipment,  especially  in  electronic  equipment.  This  is  due  to  the  fact  that 
enhanced  sensing,  regulation  and  control  is  a  prerequisite  to  optimally  adapting 
a  component  or  system  to  ell  relevant  operating  conditions,  thereby  increasing 
its  effectiveness.  TCie  rapid  advances  in  electronics,  data  processing  and 
micro-miniaturization  allow  almost  every  imaginable  parameter  to  be  sensed, 
processed  and  combined  with  others. 

Inherent  in  these  overwhelming  possibilities,  however,  is  the  danger  that 
requirements  may  be  established  as  an  end  in  themselves. 

A  further  danger  is  that  the  well-meant  realization  of  all  possible  advances, 
added  together,  may  not  unconditionally  lead  to  higher  weapon  system  effectiveness. 
The  latter  mey  be  seen  as 

-  a  capability  to  assert  oneself  against  an  enemy  in  a  realistically  envisioned 
scenario; 

-  s  deterrent  potential  realized  in  the  form  of  a  continously  available  man-machine 
weapon  system,  whose  performance  criteria  surpass  those  of  the  corresponding 
system  on  the  opponent's  side,  and  which  should  be  achieved  at  minimum 
possible  coat. 

Given  the  aforementioned  reservations,  the  list  of  actual  requirements  could 
read  hb  follows: 

3.1.1  Sufficient  electrical  and  hydraulic  power  (poesibly  cooling  supply)  for 

-  r.ubaystem  check 

-  ground  servicing, 

3.1.2  sufficient  electrical  and  hydraulic  power  (possibly  cooling  and  environmental 
control  system  supply)  for  operational  stand-by. 

3.1.3  Contlnoua  APU  operation  during  aircraft  and  armament  turn-around. 

3,1. h  Capability  to  maintain  for  hours  a  ready- for- take-off  status  (within  a  few 
minutes). 

3.1.5  Capability  to  serve  as  an  emergency  power  unit  for 

-  restarting  the  Min  engine(s) 

-  feeding  the  absolutely  necessary  aubsys terns /components  with 
--  hydraulic  and/or 

--  electrical  power 

to  permit  controlled  flight  nr-  to  establish  the  parameters  for  ejection-seat 
operation. 

3.1.6  Capability  to  allow  self-contained  otart  of  the  aircraft. 

3.1.7  Capability  to  allow  start  with  external  power  (e.g.  electrical  or  other  power). 

3.1.8  Autonomous  oil  system. 

3.1.9  Use  of  main  engine  fuel  (prlmary/altemative/eoergency  fuels  may  be  required). 


3.1.10  Oil  type  same  as  for  main  engine. 

3.1.11  a/C  nmv»  x  sec.  after  APU  stsrting  initiation, 

3.1.12  During  engine  starting; 

sufficient  electrical  power/cooling  supply  for  aircraft  opei-ational  stand-by. 

3.1.13  Capability  for  some  subsequent  main  engine  starting  cycles  in  a  given  time  and 
environment. 


3,1.1^  Capability  to  relieve  engine(s)  of  the  burden  of  electrical,  hydraulic  etc. 

drives  in  very  critical  flight  status  (e.g.  helicopter  hovering  at  low  altitude, 
at  sea  etc. ), 


3.1.15  Vulnerability  requirements. 
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3.1.16  Capability  to  start  the  APU  manually  (e.g.  via  hydraulic  hand  pump). 

3.1.17  APU/EPU  combination  tor  either 

-  air-breathing  mode  (Jet  fuel  combustion  lor  ground  power  delivery  inclusive 
engine  start) 

-  gas  generator  system  for  emergency  power  (hydrazine  or  LOX  with  JP-4)  to  be 
independent  of  altitude  limitations. 

3.2  Past  and  Present  Hardware  Solutions 

Since  more  than  half  a  century,  there  have  been  requirements  and  aolutions  for 
auxiliary  power  aboard  aircraft.  Examples  for  solutions: 

3.2.1  Airships,  e.g.  Zeppelin  LZ  127,  in  the  twenties,  carrying  a  spark  ignition  engine 
coupled  with  an  electrical  generator  of  about  1,5  kW,  serving  as  "APU"  for  three 
ram  air  driven  electrical  generators)  LZ  12?  in  the  thirties,  equipped  with  two 
Diesel  engines  of  33  kW  each,  generating  AC  and  PC. 

3.2.2  Flying  boata/seaplanes  as  DC  24  in  the  late  thirties,  furnished  with  a  spar* 
ignition  engine  combined  with  an  electrical  generator  of  about  1  kW,  supplying 
auxiliary  power  for  atand-by/lay-daya/mein  engine  start. 

3.2.4  Jet  fighters  Me  262  JUMO  004-engine  starting  facility,  provided  by  a  two-stroke 
engine  of  lawn-mower  type,  houaed  in  the  front  hub  and  swung  manually. 

3.2.5  The  APU  in  its  contemporary  meaning,  developed  as  a  small  gas  turbine  for 
transport  aircraft  C  130  in  the  fifties. 

3.2.6  The  APUs  for  V/STOL  aircraft,  such  aa  the  HARRIER  and  VAX  191  B,  the  latter 
supplying  shaft  power  for  i-u  alternator  15/20  kVA  and  a  hydraulic  pump  as  well  aa 
bleed  air  up  to  5  kg/mln  for  lectronic  equipment  cooling  and  tank  pressurization 
during  ground  operation  and  1  eration  throughout  the  flight  envelope  as  woll 
including  in-flight  start  by  battery  or  wlndmllling.  Aa  the  sum  of  all  possible 
functions  exceeds  the  APU1  a  rating,  an  automatic  load  sequence  switching  is 
provided. 

3.2.7  APU  in  A-10  as  an  example  for  a  ground  attack  aircraft  that  operates  at  a 
critical  low  altitude. 

3.2.8  APU  in  special  aircraft  with  a  large  equipment  share,  such  aa  Maritime  Patrol 
Aircraft  (KPA): 

-  Breguet  Atlantic  ANG 

-  Nimrod 
or 

-  E-3  Sentry  aa  an  example  for  C3  aircraft 
or 

-  tankers,  such  as 

-  VC- 10 

-  KC-135  R  (two  APUs). 

3.2.9  A  prototype  of  an  APU/EPU  independent  of  altitude  and  flight  condition  according 
to  the  SIPU  concept. 

4.  TRENDS  OF  ESSENTIAL  PARAMETERS 

It  la  evident  from  the  preceding  paragraphs  and  slides  that  the  power  demand  for 
electrical,  hydraulic,  air,  fuel  and  other  subsystems  is  rising;  so  is  the  demand 
for  removal  of  equally  Increasing  amounts  of  waste  heat  and  so  is  the  demand  for 
starting  power  for  engines. 

Fig. 11 

Complexity,  defined  as  the  number  of  many  "items"  n  and  the  maximum  of  their 
mutual  connections 

_2 

C  «*  -R— 

rises.  2 


This,  in  turn,  causes  the  cost  to  ris  ,  as  it  la  a  function  of  single  parts'  cost 
plus  cost  f  r  all  connections  between  sll  "items"  (comprising  these  parts  p.' "8 
all  related  quantifiable  aspects)  _2 


Total  cost  a  (parts  cost)^ 


(connections  cost).. 


where  the  first  term  reveals  the  cost  sun-  of  all  the  parts  of  a  W/S  and  the 
second  term  reveals  the  cost  sum  of  all  Interconnected  "Items’'. 


Tt  i5  easily  deducible  that  the  whole  is  ™ch  tore  than  just  the  sum  of  its  parts,  the 
second  term  illustrating 

-  the  lion’s  share  in  cost  and  time, 

-  the  danger  of  false  assessments  and  loss  of  control, 

-  the  increase  in  secondary  power  demand  and  wast e 


as  far  as  energy 

sr«ri=-JK5n.  — — 


plannable  cost  basis. 

How  c.in  we  get  out  of  this  di  Jemma? 

Evaluation  of  the  preceding  formula,  especially  with  respect  to  power  system  and 
auxiliary  power,  shows  that  future  fighter  aircraft  of 

-  small, 

-  light,  and  consequently 

-  single  seated, 

-  single  engine  design 

would  ease  the  problem,  provided  that 

-  a  reliable  and  modern  engine  can  be  chosen 

-  this  engine  is  assisted  by  an  adequate  airborne  operated  APU, 

-  the  thermal  housekeeping  of  the  aircraft  is  as  thoroughly  design  'd  and  optimized 
as  that  of  satellites. 

-  an  emergency  power  facility  (e.g.  booster  rocket)  for  short-time  emergency 
thrust  is  available 

consequently,  this  dictates  the  renunciation  of  **'*"*“1  revolutions, 
as  the  flippant  requirement  for  the  development  of  completely 
new,  large  and  super-complex  aircraft,  but  recommends  the  stepwise 
evolution  of  recognized  satisfactory  systems  to  even  better  ones. 
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Figure  4 
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Connexions  bet  the  individual  points  in  the  "LEVEL  OF  SUPERIOR 
OPERATIONAL  REQUIREMENTS" 
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DISCUSSION 


K.W.  Eckert,  Ge 

(General  comment  after  end  of  meeting). 

At  present  there  are  a  lot  of  discusions  in  NATO  and  European  organizations  and  governments  on  future  military 
helicopters  for  Army,  Navy  and  Airforce  operations,  (see  footnote)  e.g.  capability  to  relieve  enginc(s)  of  the  burden 
of  Secondary  Power  System  in  very  critical  flight  status  (e.g.  Navy  helicopter  hovering  at  low  altitude  at  sea  etc.) 
where  every  K.W  is  needed  for  the  rotor.  Based  on  first  known  requirements  at  least  some  of  them  might  be 
candidates  for  APUs  or  JFSs. 

I  wonder  why  helicopter  use  has  not  been  mentioned  here.  The  PEP  could  certainly  be  helpful  in  providing  support 
for  decisions  on  auxiliary  power  in  this  area. 

Footnote  In  Germany:  LTH  (Leichter  Transport  Hubschraubcr) 

MHS  90  (Marine  Hub  Schrauber  90) 

PAH  2  (1  nzer  Abwehr  Hubschraubcr  2) 

LTH  =  Light  Transportation  Helicopter 
MBS  90  -  Marine  Helicopter  90 
PAH  2  Anti  Tank  Helicopter  2 
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GROUPES  AUXILIAlRES  A  TURBINE  A  GAZ 


A.  ROMIER  *tP  CALMS LS 

Socittd  MICROTURBO  Softs  postaie2O0»  31019  TOULOUSE  CEDEX  (Franos) 


RESUft 

Lbs  UroupflS  Auxllialres  A  turbine  A  gn  /  a^inrqu^s  not  ^  1 6  dAveloppAo  pour  ;6pum)re  A  ia  Uwmnnijo 
d'tiutunomiu  dea  av  1  ana  lore  de  lour  mlse  an  oeuvre  :  chor.K  lint,  condit ionnement  nu  sol,  dAnarragB  dns 
mot  aura  prlnnlpaux.  On  examiners  : 

1)  Las  solutions  clftveloppAea  dano  lus  domalres  mllltalrea  at  civile  tant  en  systAmn  da  dftfnariays 
pur  A  fonct Junnemsnt  court  qu'en  groups  auxillaire  A  functionriement  contlnu. 

ij  tea  tendances  actuullea  ir  las  oviona  moddrnes  ou  le  systems  de  dfimarrage  est  capable  du  font, 
tiunnemunt  contlnu  an  gi  >9  auxillaire. 

dj  Lea  besolns  futuri  quo  I’on  peut  prAvuir  en  fonrtlon  de  la  ^ofrple*lt6  Liulssante  de*  «*ystt>me9 
(1'armes  emLerqu6s,  nficessltant  un  condl tionneroent  au  sol,  das  dflvelunpam*nta  dea  rAor.teurs  pi  In 
cipau*  Imposent  dea  puisHances  de  dAmairags  de  pluB  un  plus  importanten  et  un  fonct lonriement  en 
secours  dans  1’ensentslu  du  rtomalne  de  vol  avec  dea  temps  de  mise  en  oeuvre  e*trflmar\ant  r&dulta. 


1.  SOLUTIONS  OEVaOPPEES 


I .  t .  CAnAraM  t6b 


Lea  (iroupes  Auxllialres  err±jorqu6a  ont  pour  object  If  principal  de  cnnf&rer  A  l’avion  porteur  une  au- 
tonomlw  complete  par  rapport  aux  moyena  aol. 

Ce  besoln  d’autonomie  Re  Juatlfle  solvent  le  type  d'utll isatlon  do  1 ’avion  j  par  la  disponl bi 11 t6  lo 
glatlque  pour  lea  avlons  mllltalrea  pouvant  fttre  appelAs  A  utllleer  ilea  terrains  nommalres  et  temporaires 
gone  srrompagnement  d'une  Inf  I  aelructure  sol  nflceasltant  un  transport  par  avion  cargo,  vulnerable  en  opAra 
tion  milltalre,  par  1b  aoucl  d'dconomle  et  d* independence  pour  lea  avlons  civils  dont  la  rotation  est  Iro- 
port.ante  et  qul  no  peuvent  Otrs  tributolres  d’une  Infrastructure  au  nul  coOteuae.  pour  couvrir  en  norrfjre 
sufflaant  Inn  afiropurtB  et  pour  un  service  peu  frequent  sur  certains  terrains. 

To  IjBBuln  d’autonomie  de  i’aftrorief  peut  a'uxprlmar  de  plualeura  fayuim  i  Haaent  1  el  1  ament  dAmarrage 
du  uu  Ubb  mot  biitb  prlnclpaux  pour  les  avlana  mllltalrea,  cunfort  nn  cabins  (cllmnt  sat  Ion,  61  ec  t  r  Ic:  lt6  ) 
avant.  la  vul,  moteurs  arrBtfis.  et  dAmarroge  den  mnteurs  prlnclpaux  pour  loa  avlunti  ctvils. 

L'haque  cas  a  donn6  lieu  A  d«s  dfiveloppements  apAclflques  quo  nous  pouvuna  briAvement  examiner  . 


I .  '2 .  App  I  I  cat  Ion  ml  I  I  ta I  re 


('orrme  nous  1*  avium  soullgrifi,  l'ohjectll  principal  H*it  le  dftmni rage  du  ou  des  mitnurs  pr  lnclpaux  do 
1 ’avion.  Lb  (iruupe  Auxlllalrn  nrrt)orqu6  est  dans  »:b  un  simple  'lyntAme  tie  dAmni  ragw  de  fonctlonnement 
trds  court. 

Las  crltAres  prlnclpaux  A  satlsfalre  pour  ce  type  de  function  aont  : 

fiabllltfi  dB  mlae  en  oeuvre  au  nol  dans  un  largo  domalno  de  temp6raturea  ambiantns  A  partir  d’una 
Bourca  de  puissance  6lectrlque  (batterie)  ou  hydraullque  (accumulateur )  relatlvemant  falble, 

-  rapldlL6  de  mlse  en  oeuvre  :  la  plelna  puissance  dolt  fitre  tJlsponlble  dans  un  temps  minimum  (10  A 
15  aecondas  environ J, 

-  encontirement  be  masse  rftdults  i  le  systAme  de  dfirsarragH  est  un  polds  mort  pour  1 ’avion  en  vol. 

On  peut  distinguer  deux  cas  prlnclpaux  de  realisation  de  nystAmfl  de  d^m^rrage  sulvnnt  ie  type  do 
transfert  de  la  puissance  : 

acco  Implement  n6canlqu«, 

accouplemerit  pneumat ique. 

Dans  1 'accouplement  mftceninua  t □  -  ■ 


Cntto  solution  unt  bleu  adaptbo  A  rinn  avion©  bi  ou  multi  moteurs  et  peut  aotistnire  doa  imp6ratifs 
d' installation,  lo  gAriGrateur  d'oir  pouvont  fltr©  installs  loin  d©s  moteurs,  ?a  lialuun  avec  Ins  d6nwr- 
reura  A  sir.  d’encomtirenient  faible,  se  falnant  par  de  sirnplos  conduites  (planche  2), 

Actual lament,  len  niveaux  d©  puissance  requls  pour  lea  inutnurn  railitalros  modurnus  sont  da  l'ordre 
de  ?()0  chevaux. 


rntt.u  |jui:;:innon  pout  Giro  dtfvuloppGs  an  une  dizainn  de  secondBs  par  une  turbine  A  gaz  nuxilinire 
d'jne  masse  de  3b  Kg  (solt  7  Ch/kg). 

1.3.  Appl  I  cation  cl vl le 


Dana  1 ’utilisation  civile  des  Groupes  Auxiliaires  ent>nrqu6s,  las  fonctions  obsurfies  ©t  Is  dumnine  da 
fonot ionnetnunt  sont  haaucoup  plus  fifcendus. 

Le  graupe  assure  au  sol  i 

-  la  gfinAration  Glectrique  de  bord, 

-  1 ’alimentation  on  air  comprlm6  du  circuit  de  climotiaation  et  de  presBUrisnt.ion  de  la  cabins  et  des 
bales  Alectroniquas. 

-  le  ddmerroge  dea  moteurs  prlncipaux  (planch©  3). 

Le  fanotlon.iemunt  du  Groups  eat  assurG  pHndant  lea  phases  de  dGcollage  et  d' fltterriasag©  et  peut  Atre 
utllisd  un  uocours  dans  un  largo  dcmaine  d'altitudo  (0-9  0U(J  metres). 

Dans  ch  cas,  lea  critAres  principaux  ft  satlsfalre  sont  : 

-  capacitG  de  miss  en  oeuvre  dans  un  large  domains  d’utiliaation  (0-9  QUO  m,  I. 5. A.  ♦  30°C  A 
I.S.A.  -  40®C ] , 

-  encombrement  et  masse  rfiduits, 

-  performances  GlevGea  (consonrvition  carburanH. 

regulation  de  regime  parfaita  pour  oatiefaire  1' entrolnement  d ’alternateur  ft  frequence  constants, 

meintonabilltG,  aptitude  a  la  maintenance  GlevGe  par  le  d&veloppement  de  circuits  d’nutotesta  et 
dGturteura  du  panneu. 


1.-1.  Cone  lui.ion 


Dn  constat©  qua  lea  Groupos  dGvelopp6a  A  cu  Jour  satlsfont  dea  critftrea  diffOrBnts  et  des  fonctions 
tliffGmntes .  Cepundant,  Inn  i<  ’'uluppumurita  rficenta  un  e&xmautique  militairn  (  fornarin,  L10J  at  Ibo  fituduu 
on  cuuro  mnntrent  uno  tunriam.  de  rapprochement  entrn  les  deux  concepts. 


2.  TENDANCES  ACTUELI.ES 


? .  1 .  Systfrmc,  do  dGmarraqe  -  Croupe  UixHlalre 


Leu  avions  d'armes  modBrnuri,  le  par  lour  complexity,  nGcassltent  de  plus  en  plus  puissance  Dt  de 
teats  uvant  vol  (systems  de  navigation,  commando  de  vol  Glectrique).  De  C0  fait,  pour  cunoerver  lo  carac- 
t&re  d'autonomia  le  syst&me  de  d&marrag©  deviant  un  veritable  Groups  Auxlliaire  capable  d'entralner  lea 
gfinfirations  6l©ct» iquas  at  hydreuliques  de  l'avion  rnontG  aur  la  bolte  "structure". 

Dana  co  cod,  le  syutAmu  de  dGmarrage  eat  couple  A  lo  bolte  relala  d'accesaoirBS  structure,  elle-mAme 
connectGe  A  un  rAectour  et  pnut.  par  lu  Jou  d’umbrayages  hydrauUques  tin  Alpctiunwgnfitiques ,  suit  entral- 
inr  la  boltw  i-claia  Bt,  de  ca  fait,  l’ousomblc  des  accepanlrus,  oolt  dGmarrnr  In  ou  les  muteura.  Gh  prin 
cipe  e&t  aasnntiellement  r«tenu  dans  lu  cao  d'avion  bi-motuur.  la  roriondonr.,!  nri  vol  r:n  ror.  du  pjnnu  du 
l*  un  doa  inotuui'!;  utulit  uaaux  uh,  1h  nystema  de  dftmsrrage  nB  aara  alurH  utllisA  qii'au  aul  on  tnnt  qim  auurce 
da  puissance  uecond^ire- 

Oans  ’ii  cas  d’un  inouofimteu'-.  il  ar.t  gAriAralemeiit  dtimnndA  ou  oynt*V':  d«?  ragt:  d’Cliu  capable  d’aa 

■juj  ur  lu  i  ..Junes  uu  iiotuur  jirincipal  en  vol,  l'allumagn  du  cn  derniai-  en  auto  rutuLJon  pwuvant  §tra  dar'B 
cartalnes  configuration^  de  »/ol  rifilicatea  Bt  dangereuses  (munomntpur  Gr>lr  ou  d’appui  tactique  au  sol). 


2.2 .  Oroupou  Aux [llulrus  -  application  ch I o 


nntu  pnn  itctUuJ JuinifitL  iliiis  re  ikimalna  une  Evolution  des  fnnctlons  ri'ipiisns. 
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L’effort  1b  plus  Important  porta  aur  la  fiabilisation  at  la  reduction  de  la  maintenance  pr&ventiva 
des  Groupas  Auxiliairea.  La  dlspurilbilltA  6tant  la  quality  principals  ds  ce9  darnisrs,  11  est  nAcRssaire 
d'assurnr  In  dfivnloppnmont  des  circuits  annexes  de  tests  et  <Je  contrOle. 

Le  dAvaloppement  des  techniques  riigitales,  Alectronique  numArique ,  psrmet  rie  progressor  rapiriement 
dci’rv  r.H  domains. 


3.  BESQINS  ET  DEVELQPPEMENIS  KUTURS 


duels  seront  lea  besoins  future  ? 

En  plus  due  functions  da  base  citftas  au  sol  : 

-  dAmarragB  dB9  iratsurs  principaux, 

-  gAnAration  da  pul  Banned  Aleo.triquR  et/ou  hydraulique, 

-  alimentation  des  circuits  de  coi»litlonn>  inent  avion. 

In  conception  dea  Groupos  AuxiJlalres  devra  permottre  de  satisfaire  la  9AcuritA  on  vol,  c 1 ost- A-dire ,  lu 
suuuurn  total  de  1' avion. 

II  tmt  nAcpssnire  pour  cola  d'asaurer  une  redondence  complete  das  sources  de  puissance.  II  n'ust  done 
plus  suffir.ant  <;uu  la  syst&me  do  d6marrngQ  suit  capable  du  prundra  on  charge,  r.'est  A  dire  d’entrolner,  la 
g6n6ration  principals  dB  i’avlon  maiB  il  feut  qu’il  suit  AquipA  de  sa  propie  bulto  relais  d'accessoires 
untralnant  soa  pruprB3  ginfimtnurs  de  puissance  capablfls  d' aliment er  lea  circuits  vitnux  de  1' avion  dans 
tout  son  domaine  de  vul. 

On  puul  distiugner  doux  functions  val  diffArentes. 

OanB  le  domn  •  uas  .e  altitude  0  A  in  0011  mAtras,  le  groupe  de  puissance  peut  Atre  en  functionnement  c«n»- 
tinu  A  un  rAgiir.u  d'atteute  at  capable  en  2  uu  3  sucundes  d’alimunter  loa  circuits  avion  en  cas  de  dAfaill.m- 
c*B  des  g6nf;rat.Hiir9  antrainAs  par  le  rAacteur  et  d 'assurer  urie  aide  suffiaante  pour  la  relaucu  du  motuur  '  uut 
en  a  insurant  la  gAnfiraLlun  filuutriquR. 

Dans  lu  riomainu  haute  altitude  1U  000  ;«  30  000  metres,  une  source  annexe  dolt  al imenter  en  gaz  de  com¬ 
bustion  .la  turbine  du  puissance  du  Groupe  Auxilialre  puur  assuror  la  found,  turn  mlrtimale  dn  puissance  nfi 
uessaira  aux  commandos  d  vol  ut  ce  pemlant  quelques  minutes  avant  de  retrouver  le  domains  basso  alti¬ 
tude  d'utiliaation  normaia. 

Lea  principaux  obatat  1  so  A  ce  dAvelnppumunt  sent  io  pnids,  1  ’  encombremont  et  le  coQt  d’un  tel  systAmn. 

Cos  derniurs  tombent  d'"nx-mamaB  si,  dAs  la  conception  do  I’aviun  on  acceiptn  do  valoriner  In  fonctturi  du 
Groupe  Auxiliairt.  nt  dR  1r  rnneovoir  r.ommn  unu  snuren  dn  puissance  nmtmrquAij . 

Par  nxemplB,  les  dAvaloppement a  rAcerits,  en  Alectrotechnique  notamment,  peuvent  permettre  d'Atudiar  des 
gAnAratuura  do  puissance  adaptAes  A  1 ' entrainement  par  turblnH  A  gaz  auxilialre,  moins  contraignant a  qua 
par  Ibs  moteurs  principaux  puisque  les  viteoses  de  rotation  nont  mu  ini:  variables  (rapport  de  1  A  1,2  pour 
1b  groups,  contro  '«  A  2  pour  le  mntmir).  De  plus,  la  vitssse  de  rotation  du  groupe  eat  nettement  plus  Alu- 
vAe  que  cnlln  du  iiutBur  principal  et  In  puids  il‘ un  gCmfiratmn*  ftlactrlquu  ust  toujour  h  inversement  propor 
tluniiel  A  sun  r-Aglme  dn  rotation.  On  est  capable  aujuurd 'liui  du  rAallaer  du  a  al  teznaieurs  A  grande  vIIrbbh 
(GO  000  ou  Dl)  DUO  tuurs /minute]  du  40  KW  ne  pasant  pnH  plus  i!h  (1  Kg  ut  n'isociAs  A  un  convert  1  ns  mir  atnti- 
quu  dn  Kg  environ  pour  fciurnir  enttn  puinr-inr-u  arum  form"  du  400  Hz  trlphasA  ut  cuurant  continu  tiauLe 
tans ion  nu  basas  tension. 

Lbs  gllssBments  da  vltesse,  chute  dR  regime  du  groupe,  pendant  le  d&marrogB  dea  mutuum  principal.' ne 
oont  pos  rassgntiB  au  niveau  de  la  frequence  du  rAsnnu  400  Hz,  nut te  derniArB  Atant  obtenue  indApendemment 
du  rAgime  altBrnateur  au  niveau  du  convertlaseur  stailque.  Co  point  net  trds  important  pour  1  *  alimentation 
das  syatftmen  do  navigation  qui  ne  peuvent  plus  fit  re  caup§B  aprAs  louz  aligns, Tent. 

La  transmission  de  puisaance  de  dArrorrage  sera,  sulvant  le  cas  ; 

mAcanique,  par  LDUplaga  entru  la  bolto  du  groupe  et  la  bullo  structural e  du  rAactuur,  dan*-,  le  caa  d'un 
manomuteur  et  si  1 'installation  le  penret, 

pnaumatlque ,  par  alimentation  dR3  dAmarreurs  A  air  montAa  sur  la  tinltu  ruin  is  d 1  occussoires  do  chaqui} 
inoteur  dans  lu  cas  du  birAucteur . 

Ces  solutions  sont  rAsumAes  sur  la  plane he  4. 


( 


Ggnfiidteur  de  gaz 
Gas  generator 


Qimarreur 

Starter 


Bofta  rail  is  avion 
Accessory  gearbox 


SCHEMA  UE  PONCTIONNEMFNT 
FUNCTIONING  DIAGRAM 


jjfj--- 


Brida  suivant  norma  NF34161 
Flange  to  NF  34161  Std 


CPU  CM*  n'rUCfllinnruMiT 
xunkint)  L»  (.til>uinuiii.ini.lil 

UVtHALl  DIMENSIONS 
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C0UP1.AGE  MECANIQUE 
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DISCUSSION 


R.  Smith,  US 

The  si  a  lenient  (if  start  time  of  approximately  5  seconds.  Is  this  for  starting  the  starter  or  the  main  engine? 

Author’s  Reply 

Actuelleinent  en  utilisanl  dcs  circuits  tie  demurrage  nmvcntionncls  (batterie-motcur  6Icetrique  dc  lanccrncnt)  la 
plcine  puissance  cst  disponsible  pour  I>  lanceincnt  du  motcur  principal  cn  moins  dc  9  sc  comics. 

Lc  temps  total  tie  la  sequence  de  d^mairagc  du  nioteur  principal,  y  compris  1c  temps  dc  mise  en  oeuvre  du  dfruarreur 
ext  dc  rondre  dc  25  aeeondes. 

Ceci  pour  dcs  systiines  dtfveloppant  une  puissance  de  1'ordrc  de  200  ch. 


J.F.Chevalicr,  I:r 

Vo  us  avez  parlc  d'une  variantc  dans  iaquelle  la  turbine  dc  puissance  prut  fttre  alimcntle,  k  haute  altitudi ,  par  une 
chambrc  s6paric  k  propcrgoLs.  Avcz  vous  cssayl  soit  par  ccttc  chambre  sptfeiale,  soit  par  1c  g6ii6rateur  de  gaz  du 
groupc? 

Author's  Reply 

Non,  aucun  cssai  n’a  did  cficctutS  k  cc  jour  mais  ccttc  conception  cst  cn  corns  d’dtudc. 


SECONDARY  POWER  SYSTEMS  FOR  FIGHTER  AIRCRAFT 
EXPERIENCES  TODAY  AND  REQUI REMENTS  FOR  A  NEXT  GENERATION 

by 


W a  1  ter  Hausmann 
Manfred  Pucher 
Thomas  Weber 

KHD  Luftf ahrttechnl k  GmbH 
D  6370  Oberiirsel,  Germany 


Alhe  necessity  of  a  continuous  increase  of  fighting  efficiency  of  weapon  systems 
sets  forth  a  number  of  new  requirements  for  the  next  generation  of  military  aircraft  in 
nrticul a P  regarding  tlo*  distribution  and  use  of  the  on  board  auxiliary  power. 


Energy  conversion  methods  will  have  to  be  applied  which  am  readily  adaptable  to 
operation  requirements  and  also  favour  the  thermal  balance  of  the  aircraft. 


As  an  example  of  the  pneumatic  energy  conversion  the  efficiency  of  a  new  auxiliary 
system  is  presented  toqether  with  a  listing  of  those  factors  which  play  a  role  in  its 
optimisation.  t  do  » yf  »”<•*  ^  •  r-  »**  y  >i(  ,  - ,  ,  yt  \ 


Design  concepts  and  options  available  for  futureV^T'and  APtf^systems  will 
presented.  Today's  experience,  derived  from  a  modern  fighter  aircraft  sys tern/"  that  has 


successfully  entered  production,  wiH^servevas  a  basis  for  discussion  of  advanced  re¬ 
quirements  and  design  features.  4 


SYMBOLS 

ATM  Air  Turbine  Motor 

APU  Auxiliary  Power  Unit 

Co  Compressor 

C/D  Cross  Drive 

ECS  Environmental  Control  System 

EM  Electric  Motor 

FBP  Fuel  Backing  Pump 

FP  Fuel  Pump 

GB  Gearbox 

Go  Generator 

HP  Hydraul 1 c  Pump 

IDG  Inteorated  Drive  Generator 

ME  Main  Engl ne 

PTO  Power  Take  Off 

SPS  Secondary  Power  System 

V5CF  Variable  Speed  Constant  Frequency 

I.  INTRODUCTION 

Modern  military  aircraft  have  developed  into  complex  flying  systems,  making  i n- 
creasing  use  of  auxiliary  power  to  enhance  both  their  handling  qualities  and  fightinq 
effectiveness.  It  is  therefore  that  efficiency,  reliability  as  well  as  cost  ot  Secon¬ 
dary  Power  Systems  have  become  of  significant  design  Importance. 

As  next  generations  of  fighter  aircraft  are  in  their  conceptual  'ages  of  design 
throughout  the  western  world.  It  is  felt  appropriate  tc  reflect  upon  i :  e  evolution  of 
Secondary  Power  Systems  and  to  monitor  incipient,  oro  ress  toqether  w  i  .  i.  future  develop¬ 
ments  against  todays  experience  and  tomorrows  requirements. 


Z.  PRINCIPALS  OF  SECONDARY  POWER  SYSTEMS 

Seton-  y  Power  Systems  (SPS}  for  military  aircraft  have  to  provide  and  distribute 

auxiliary  rqy  I.  airframe  .nd  main  propulsion  engines  during  fllqht  and  on  the 

ground . 


J 
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This  auxiliary  enemy  is  needed  as  shaft  output  power,  pressurized  oil,  electricity 
and  compressed  air. 

Two  different  installation  schemes  for  auxiliary  enemy  systems  are  known  and  have 
been  realized  today  (Fiq.  1): 

-  Auxiliary  system  Inteqrated  into  the  main  engine  frame 

-  Auxiliary  systems  installed  in  the  aircraft  coupled  to  propulsion  enqines  by  means 
of  a  shaft. 


for  aircraft  with  only  a  low  amount  of  secondary  eu  rgy  required  and  accordingly 
small  accessories,  these  were  inteqrated  into  the  main  engine(s).  The  concept  however 
changed  with  the  introduction  of  large  propulsion  engines  and  multi-engine  applications. 


Wereas  previously  the  integration  of  accessories  into  the  enqine  was  possible  due 
to  their  size,  the  accessory  power  now  required  and  hence  the  dimensional  increase  of 
the  auxiliaries  demands  remote  arrangement  of  the  SPS  in  an  appropriate  location  of  the 
aircraft.  This  also  reduces  the  required  cross  sectional  area  of  the  aircraft.  Additio¬ 
nally  In  many  cases  SPS's  of  today  are  equipped  with  auxiliary  power  units  (APU),  which 
provide  for  independence  of  ground  support,  availability  of  auxiliary  energy  for  ground 
system  checks,  alert  capability  at  minimum  fuel  consumption  conditions  and  for  main 
engine  starting.  However,  these  advantages  have  to  be  weighed  against  increased  mass  In 
case  the  APU  is  operatloned  on  the  ground  only,  and  cost  of  Installation  with  respect  to 
a  1 r  inlet  and  exhaust . 


Fiq.  2  summarizes  the  systems  currently  in  use  or  in  active  design. 

As  already  mentioned,  .iiuessorles  were  previously  Installed  directly  on  the  main  engine. 
This  arrangement  Is  still  found  in  some  of  today's  fighter  aircraft. 

The  next  step  is  the  remote  arrangement  of  the  SPS.  This  system  is  mostly  used  in 
the  current  generation  of  fighter  aircraft.  For  twin  enqine  Installations  the  gearboxes 
are  mechanically  coupled  to  each  other  and  to  the  main  engines.  Also  the  APU  is  directly 
coupled  to  the  gearbox  (OB),  For  the  immediate  future  this  coupling  will  be  replaced  by 
pneumatic  eneray  transmission  with  the  exception  of  gearboxes  remainlnq  mechanically 
connected  to  the  main  engines. 


3.  FXPE  RI ENCE  GAINED  WITH  THE  TORNADO-SP5 

Aircraft  with  mechanical  SPS  have  been  nut  in  operation  for  some  time  now.  Their 
performance  standard  can  therefore  be  evaluated  both  by  development-  and  service  expe¬ 
rience  . 

Requirements  for  uninterrupted  enerqy  supply  during  all  fliqht  conditions  and  emerqency 
situations  result  in  very  complex  systems  as  they  are  found  for  example  in  F15  and 
lorna  do . 

Ten  years  ago,  when  these  systems  were  desiqned,  the  qoal  to  achieve  was  high 
transmission  efficiency  which  automatically  required  a  complicated  mechanic  1  system. 

Furthermore,  in  the  Tornado  case,  the  start  sequence  and  switching  functions  during 
emergency  conditions  had  to  be  automated  to  the  fullest  extent  possible  which  again  con¬ 
tributed  to  the  complexity  of  the  system. 

Fin.  3  shows  the  main  features  of  the  Tornado-SPS.  The  arrangement  provides  the  redundan¬ 
cy  required  In  flight,  i.e.  it  has  two  Independent  qearboxes  (starboard  and  port)  and  two 
generators  (IDG-Type),  two  fuel  backing  numos  and  two  hydraulic  pumps. 

Independence  from  qround  power  Is  achieved  by  the  API)  which  is  mounted  on  to  the 
starboard  GB. 

The  SPS  control  unit  monitors  the  function  of  APU  and  GB ' s  Including  control  of  the 
clutches . 


The  system  Is  activated  by  starting  the  APU  with  an  electric  starter  motor.  Upon 
achievement  of  full  APU  speed  the  clutch  between  APU  and  GB  is  automatically  actuated. 
Engagement,  of  the  cross  drive  clutch  also  permits  to  drive  the  port  GB  so  that  in  the 
APU  running  mode  all  accessories  can  be  checked  for  proper  functlor  .  Also  the  full 
supply  of  electrical  and  hydraulic  enerqy  is  available. 

The  actuation  of  an  electrically  controlled  valve  allows  to  fill  either  the  star¬ 
board  or  the  port  torque  converter  which  initiates  the  start  sequence  of  the  respective 
main  enqine.  After  engine  idle  has  been  achieved  the  APU  is  automatically  shut  dewn. 

The  second  engine  is  started  accordingly.  Ifi  this  case  however,  the  already  running 
ngine  is  now  driving  the  other  engine  to  be  started.  Finally  the  cross  drive  clutch 
V’  i  1 1  be  opened  and  both  gearboxes  are  driven  individually  by  their  main  enqine. 

The  Sys :  -Advnnta qes  are: 

I  he  SPS  is  in  prndent  from  qround  power  supply  and  can  be  driven  by  the  hPU  alone  for 
prolonged  periods  of  lime. 


The  start  sequences  are  automated  to  a  large  degree,  providing  short  times  for 
scramble  start.  The  availability  of  the  cross  drive  clutch  allows  power  Input  Into  the 
second  accessory  GB  In  the  one  engine  failure  mode  as  well  as  the  Inflight  restart  of  a 
flamed  out  engine.  This  cross  drive  system  yields  extremly  high  mechanical  efficiency. 

The  versatility  of  the  system  Is  payed  for  by  hiqh  complexity.  This  is  supported 
by  the  choice  of  Integrated  drive  generators  and  thr  integration  of  their  ollsystems  In¬ 
to  the  GB's.  The  IDG's  are  susceptible  to  fast  speed  changes  which  necessitated  a  com¬ 
plex  acceleration  speed  control  for  the  GB  mounted  clutches.  The  effort  required  can 
also  be  seen  in  the  ol 1  system,  where  the  ollsupply  to  the  IDG's  Is  of  prime  Importance 
and  where  variable  distribution  of  the  oil  under  all  existing  possible  flight  attitudes, 
has  to  be  safeguarded. 

Power  lossei  generated  In  the  accessory  GB's  and  the  IDG's  are  dissipated  in  fuel/oil 
heat  exchangers. 

Substantial  effort  was  required  to  develop  tills  ambitious  oil  system. 

The  wide  distribution  of  the  oil  users  and  depots  such  as  coollnq  system  and  gene¬ 
rators  and  the  interconnecting  hiqh  volume  passages  require  a  large  quantity  of  oil 
where  on  the  other  hand,  due  to  size  restrictions  only  small  additional  nil  volumes  for 
torque  converter  function  and  viscosity  compensation  were  possible.  These  demanded  ex¬ 
tensive  optimisation  with  respect  to  econimieal  use  of  the  oil. 

In  conjunction  with  the  requirement  for  multiple  functions  of  the  oil  system  the 
oilpumps  hod  to  be  Increased  In  size  and  number  of  stages  which  again  adversely  Influen¬ 
ced  optimisation  as  reqards  power  losses. 

Fig.  4  shows  the  results  achieved,  they  can  be  considered  as  a  very  successful  de¬ 
velopment. 

The  extensive  experience  qalned  with  the  Tornado  SPS  will  bear  fruit  for  futui e 
systems.  This  especially  applies  for  the  following  main  components: 

-  Multiple  plate  /  dry  disc  clutches  were  selected  for  their  higher  temperature  capabi¬ 
lity.  These  components  are  wear  prone  by  function,  especially  in  the  area  of  friction 
surfaces  and  splines.  Required  component  life  could  only  be  achieved  by  proper  choice 
of  ma terl al . 

The  basic  disadvantage  of  such  clutches  Is  their  sensitivity  to  thermal  overload;  be 
It  due  to  malfunction  of  their  control  system  or  mlshandllnq.  This  can  be  of  detrimen¬ 
tal  Influence  onto  the  system  reliability. 

-  For  the  hydraulic  torque  converter  safe  function  over  a  wide  temperature  range  has 
been  demonstrated.  This  also  applies  to  the  low  ambient  temperatures  where  oil  visco¬ 
sities  approach  10.000  cSt. 

In  service  use  so  far  has  not  ••hown  any  failure,  hence  this  component  can  also  be  re¬ 
commended  for  future  SPS. 

-  Overrunning  clutches  in  the  Tomado-SPS  have  shown  that  tailoring  to  the  individual 
requirement  and  test  experience  Is  mandatory. 

Parts  that  have  operated  successfully  under  similar  conditions  will  not  automatically 
function  with  the  same  reliability  In  a  new  design,  even  though  high  reliability  and 
life  has  been  finally  achieved. 

Lxpcricncc  gained  during  development  also  suggests  that  a  future  system  should  be 
equipped  with  generators  that  Impose  less  stringent  requlr  ments  onto  the  oil  system. 
Furthermore  the  deletion  of  the  mechanical  cross  drive  between  the  GB's  would  signifi¬ 
cantly  reduce  complexity. 

Fig.  5  shows  the  SPS  of  the  F15  and  F16  fighter  aircraft  with  mechanical  power 
transmission . 


4.  DEVELOPMENT  TRENDS 

Future  trends  In  the  development  of  auxiliary  systems  for  fighter  aircraft  are 

directed  towards  a  complete  decoupllnq  of  the  SPS's  from  the  main  engine.  The  following 

reasons  dictate  this  development: 

-  Further  increase  of  the  auxiliary  power  demand  results  in  accessory  size  Increase  which 
does  not  allow  their  installation  in  close  proximity  to  the  engine 

-  Increase  in  main  engine  performance  and  mission  flexibility  by  the  deletion  of  power 
extraction  from  the  HP-spool  of  the  propulsion  engine 

-  Qulck-chanqe  requirement  for  main  engines  with  the  accessories  and  the  SPS  remaining 
in  the  aircraft 

-  Electronic  components  are  tewperatu v  sensitive;  since  their  application  increases, 
thfv  have  to  be  removed  fr- m  the  h  -it  temperature  ennine  hay 

-  Favourable  conditions  for  the  Integration  of  SPS  and  ai renndi tioning  sy  tem  resulting 
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in  more  economic  use  of  the  energy  available. 

For  future  generations  of  fighter  aircraft  various  energy  transmission  systems  are 
being  considered  to  replace  todays  mechanical  coupling  of  APU  and  GB's.  For  the  time  be- 
ing  however,  the  mechanical  coupling  between  SPS  and  main  engine  will  be  maintained. 

Technically  four  energy  transmission  systems  and  combination  thereof,  can  be 
pursued,  these  being  either  mechanical,  hydraulic,  pneumatic  or  electrical  in  nature. 

In  parallel  with  advances  in  respective  technologies,  the  transition  will  be  made  from 
mechanical  to  pneumatic  and  finally  to  fully  electrical  system.  In  spite  of  slqnlficar.t 
advances  In  the  past,  the  latter  will  however,  have  to  await  the  full  development  of  the 
required  "high  density"  electrical  generators  and  motors  in  order  to  allow  for  flyinq  by 
wire  only.  This  type  system  has  not  yet  achieved  the  maturity  to  make  its  way  into  the 
next  generation  of  fighter  aircraft,  presently  being  desiqned.  Incipient  progress  will 
be  made  here  by  the  pneumatic  systems,  which  is  therefore  described  in  more  detail. 


5.  THE  PNEUMATIC  SYSTEM 

When  changing  to  a  new  transmission  system  not  only  Increased  system  flexibility 
but  also  possible  influence  onto  the  aircraft  neat  balance  must  be  considered. 

The  dissipation  of  waste  heat  which  is  oroduced  in  all  energy  transmission  systems  re- 
su’ts  in  considerable  problems.  The  theoretical  comparison  of  airframe  waste  heat  based 
on  the  useable  enerqy  shows  Fig.  6,  that  out  of  the  systems  available  today  and  Invisag* 
ed  for  tomorrow  (pneumatic,  hydraulic,  electrical)  the  pneumatic  system  Is  not  only  most 
simple  but  also  the  system  with  the  lowest  waste  heat. 

Waste  heat  Is  qenerated  by  the  allsystems  of  the  APU,  accessories  and  Intermediate 
gearboxes.  Additional  waste  heat,  resulting  from  losses  when  generating  compressed  air 
and  the  subsequent  expansion  in  for  example  airturbine  motors  (ATM),  Is  blown  overboard. 

The  advantage  of  a  considerable  relief  of  the  aircraft  coolinq  system  suffers  from 
the  worst  total  efficiency  of  all  systems  discussed  in  this  paper. 

An  additional  advantage  of  the  pneumatic  system  undoubtetly  is  that  this  form  of 
energy  Is  directly  available  as  bleed  air  from  the  main  engine  or  the  APU  and  that  no 
further  means  of  enerqy  transformation  such  as  hydraulic  pumps  etc.  are  needed. 

It  is  for  this  reasons,  that  new  fiqhter  aircraft  as  they  are  presently  under  deve¬ 
lopment,  are  equipped  with  pneumatic  SPS. 

The  functional  features  of  these  systems  are 

-  Flexible  and  simnle  enerny  distribution  from  -arlous  potential  sources  to  many  diffe¬ 
rent  users. 

-  Free  choice  of  APU  location  as  regards  optimum  arrangement  for  supply  of  consumers, 
good  maintainability  and  ease  of  Installation. 

-  Increased  reliability,  since  rlqid  couoling  is  avoided  and  secondary  failures  resul¬ 
ting  from  Individual  system  defects  are  reduced. 

Fig.  7  shows  the  schematic  of  a  pneumatic  system.  Not.  only  can  the  APU,  which  now 
mainly  generates  compressed  air,  energize  the  aircraft's  pneumatic  system  but  also  bleed 
air  from  the  main  engine  and  compressed  air  from  ground  supply  can  he  fed  Into  and 
distributed  by  the  system. 

Pneumatic  power  will  drive  the  GB  and  Its  accessories  by  means  of  an  ATM. 

Air  is  also  available  for  a  1 rcondl t i oni ng  purposes  when  passing  through  a  cooler  and  an 
expansion  turbine. 

If  such  an  energy  distribution  system  connects  all  users  the  previously  mentioned 
flexibility  is  immediately  detectable.  It  is  then  for  example  possible  for  a  main  engine 
already  running  and  supplying  bleed  air  to  start  th-  next  engine  without  again  utilizing 
the  APU.  As  a  future  ootion  the  APU  of  one  aircraft  takes  over  the  standby-supply  of 
other  aircraft  by  means  of  umbilical  lines. 

Less  effort  is  involved  in  treating  emergency  situations,  such  as  a  main  engine 
failure  where  the  GB  could  remain  in  operation  by  bleed  air  nr  monofuel  onto  the  ATM. 
Accessory  gearboxes  In  turn  become  much  more  simple  in  desiqn  and  manufacture  after  the 
deletion  of  interconnecting  shafts  and  the  mechanical  decoupling  of  the  APU. 

A  factor  greatly  contributing  to  lower  system  life  cycle  cost. 

Fig.  9  compares  gearbox  losses  of  mechanical  and  pneumatic  systems, 
tven  though  the  losses  of  the  pneumatic  system  are  lower  a  fu*«l.  -r  Improvement  in  waste 
heat  dissipation  methods  is  mandatory. 

Today,  heat  that  cannot  be  dissipated  bv  engine  fuel  to  ambient  has  to  be  stored  in 
the  aircraft  fuel  tanks. 

Continuous  heat  flow  into  the  tanks  together  with  a  continous  reducti*  of  the  amount  of 
fuel  will  result  in  high  IupI  temperatures  towards  the  end  of  a  missic.,. 


Therefore,  in  order  to  avoid  overhea  Jrig  a  minimum  residual  amount  of  fuel  has  to 
be  available  at  the  end  of  the  flight. 

This  fuel  has  to  be  considered  as  unnecessary  ballast  which  detrimentally  influences 
aircraft  design  and  weight. 

An  Increase  in  cooler  size  for  the  reduction  of  heat  remaininq  on  board  does  not 
show  any  improvement  since  such  size  increase  will  result  in  higher  draq  with  the  con¬ 
sequence  of  higher  main  engine  power  demand  and  fuel  co-.umption  and  last  not  least  in¬ 
creased  takeoff  weiqht. 

When  changing  to  a  pneumatic  system  it  becomes  mandatory  to  emphasize  the  subject 
of  loss  reduction. 

It  is  important  that  not  only  the  GB  but  also  its  oilsystem  are  simplified.  Accessories 
that  utilize  the  GB  oilsystem  should  be  Improved  to  the  extent  where  they  do  no  longer 
require  additional  treatment  of  oil  with  respect  to  temperature  and  air  content. 

Considerable  effort  is  presently  spent  to  improve  the  efficiency  of  the  accessor 
This  is  most  obvious  in  the  field  of  electrical  generators.  Initially  the  manufacture 
changed  the  Integrated  Drive  Generator  (IDG)  used  today  to  the  new  variable  Speed  Con 
stant  Frequency  (V5CF)»  which  Is  rigidly  coupled  to  the  gearbox,  i.e.  It  can  be  driven 
with  variable  and  higher  speeds. 

The  required  constant  frequency  is  generated  by  a  power  conditioning  unit.  This 
electronic  device  however,  poses  a  new  challenqe  with  respect  to  coollnq. 

Since  there  have  also  been  improvements  to  the  1UG,  it  is  not  the  purpose  of  this  paper 
to  state,  which  type  in  the  end  should  be  favoured  for  a  given  application. 


6.  NEW  AVENUES  IN  HEAT  DISSIPATION 

In  the  following,  new  avenues  in  heat  dissipation  will  be  described. 

The  reduction  in  waste  heat  together  with  the  application  of  new  cooling  techniques 
allows  operation  of  future  pneumatic  SPS's  maklnq  reduced  or  no  use  of  airframe  mounted 
coolers.  The  proposals  are  further  in  order  of  their  evolution  and  show  Increasing  Im¬ 
provements  as  well  as  a  reorientation  of  coolinq  techniques. 

It  can  be  stated  that  the  max.  allowable  temperature  In  the  fuel  tanks  is  achieved 
at  the  earliest,  durinq  the  last  minutes  of  descent  -  most  likely  however  during  an  in¬ 
crease  in  mission  length  caused  by  an  emergency  situation. 

The  amount  of  heat  generated  in  this  segment  of  the  mission  Is  shown  in  Fig.  9.  Once  the 
maximum  fuel  temperature  has  been  reached,  automatic  startinq  of  the  APU  will  assist  in 
oilcoolinq  by  means  of  an  air/oil  cooler  located  upstream  of  Its  Inlet.  The  APU  Is  now 
operating  in  a  flight  segment  where  idle  operation  Is  of  no  detriment,  since  fuel  con¬ 
sumption  is  minimal  (Flq.  10). 

A  further  reduction  of  heat  flow  into  the  fuel  tank  can  be  achieved  by  heat  dissi¬ 
pation  directly  overboard. 

Fig.  11  shows  an  example  for  an  aircooled  gearbox.  The  finned  wall  of  the  qearbox  forms 
part  of  the  outer  skin  of  the  fus»laqe  and  Is  cooled  by  air.  Heat  transfer  Is  very  effi¬ 
cient  since  the  oil  flow  is  forced  along  the  bottom  portion  of  the  gearcase. 

Fig.  12  shows  the  typical  mission  profile  of  a  modern  combat  aircraft  with  lines 
of  constant  heat  disspatlon  over  a  finned  gearbox  wall.  Heat  dissipation  is  dependent 
on  ram  temperature  and  hence  on  mach  number  and  altitude.  The  amount  of  heat  shown 
corresponds  to  a  given  area  of  finned  surface.  As  would  be  expected  residual  heat  exists 
In  extreme  points  of  the  fliqht  envelope  which  cannot  be  fully  dissipated.  If  increased 
surface  for  heat  transfer  cannot  be  provided,  a  temporary  increase  In  oil  temperature 
could  be  acceptable. 

If  this  is  not  possible  or  if  the  mission  profile  is  extended  to  hiqher  mach  number, 
where  i am  air  cooling  looses  its  efficiency  a  supplementary  expendable  coolant  system 
will  offer  relief  (Fig.  13). 

A  container  is  filled  with  water  and  equipped  with  a  tubular  ollcooler.  Evaporation  of 
the  water  and  overboard  discharge  of  the  generated  steam  through  a  valve  reduces  oil 
temperature  to  approx.  100°C.  Upon  reaching  the  maximum  allowable  oil  temperature  the 
evaporative  cooling  is  turned  on  automatically. 

A  sample  calculation  resulted  in  1,5  kg  of  water  being  required  for  dissipation  of  4  kW 
of  residual  heat  during  lb  minutes  of  supersonic  flight. 

In  addition  it  could  be  contemplated  to  use  an  expendable  coolant  system  as  the  only 
means  for  oilcooling.  According  to  Pig.  9,  the  total  heat  aenerated  during  a  mission 
amounts  to  5,14  kWh.  7.5  litres  of  water  would  suffice  to  dissipate  this  amount  of  heat. 
This  volume  could  be  stored  in  a  spherical  container  with  a  diameter  of  250  mm. 


7.  APU's  FOR  PNEUMATIC  POWER 

In  instances  where  aircraft  system  operation  requires  independence  from  ground 
equipment,  this  can  only  be  qained  by  installation  of  an  APU,  to  provide  pneumatic 
startin'!  power. 


The  individual  application  will  define  APU  design  criteria,  such  as 

-  Split  between  pneumatic  and  mechanical  power 

-  Space  available 

-  Air  intake  and  exhaust  ductinq 

-  Gearcase  and  accessories. 

Fig.  14  depicts  the  APU  used  in  the  Tornado-SPS.  This  powerplant  supplies  mainly 
shaft  power  and  a  small  amount  of  bleed  air.  It  Is  of  single  shaft  design  with  axial  air 
Intake  and  a  laterally  oriented  exhaust  duct.  Fiq.  15  shows  design  schematics  for  bleed 
air  supply,  with  a  limited  amount  of  mechanical  power  provided. 

Variant  "A"  is  a  single  shaft  turbine  driving  a  compressor.  This  system  offers  in¬ 
creased  flexibility  with  respect  co  customer  requi rements ,  It  however  also  results  In  a 
long  slim  unit.  If  space  restriction  require  more  short  and  compact  features,  single 
shaft  APU's  to  configurations  B  and  D  are  available.  In  both  cases  the  engine  compressor 
supplies  the  bleed  air.  This  simplification  with  respect  to  desiqn  results  in  a  lower 
efficiency  bleed  air  generation. 

Case  MB"  shows  a  spli t-compres sor  where  the  pneumatic  power  is  taken  from  an  appro¬ 
priate  location  within  the  compressor  flow  path  where  the  required  pressure  has  been 
reached , 

Case  "D"  however,  shows  an  engine  where  bleed  air  is  taken  out  at  the  end  of  com¬ 
pression  i.e.  the  air  is  first  brought  up  to  pressure  required  by  the  engine  cycle.  Sub¬ 
sequent  reduction  of  pressure  to  levels  compatible  with  the  pneumatic  system  results  in 
significant  penalties  for  system  efficiency. 

Where  good  part  load  operation  and  minimum  specific  fuel  consumption  are  of  prime  impor¬ 
tance  todays  APU's  are  desiqned  as  two  shaft  engines  with  separate  load  compressor  con¬ 
figuration  MC. 

Fig,  16  finally  compare  torque  and  power  of  single  shaft  and  two  shaft  designs. 

The  single  shaft  engine  supplies  no  positive  torque  below  50X  speed,  therefore  It  cannot 
ue  started  under  load.  The  speed  regime  at  which  such  engine  can  work  is  limited  between 
approx.  80  and  100X.  The  shaded  area  shows  the  performance  map  of  a  single  shaft  design. 
It  is  narrow  and  drops  of  rapidly  with  decreasing  speed. 

The  two  shaft  engine  connects  gasgenerator  and  power  turbine  pneumatically  whereas  the 
load  is  mechanically  coupled  to  the  power  turbine.  Torque  is  available  from  0  to  100X 
power  turbine  speed. 


8.  CONCLUSION 

Together  with  advances  in  aircraft  systems  also  SPS's  will  see  improvements  in 
current  and  future  applications.  They  have  become  an  additional  design  aspect  in  its  own 
right  ard  hern  e  will  influence  system  life  cycle  cost.  This  challenge  has  been  accepted 
by  manufacturers  of  SPS's  and  APU's.  They  are  ready  and  urepared  to  make  their  contribu¬ 
tion  to  improv  ■  future  generations  of  fighter  aircraft  systems. 
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Fig.  13  Oil  schematic  with  a  new  cooling  system 
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lig,  I  5  Different  configurations  of  air  delivering  APU's 


-  Two  Shaft  APU  with  llxad  Quid#  Vanss 

- Single  Shaft  APU 


Qaaganarator  Spasd  100  % 
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Peformaoce  Map 


Pig  lb  t  omparison  ot  torque  characteristic  and  erformanre 
between  a  single  shaft  and  a  two  si  ift  APU 


DISCUSSION 


G.B.Toyne,  UK 

Fig. 6  of  the  paper  shows  how  the  heat  is  dissipated  for  each  of  the  following  systems;  mechanical,  hydiaulie, 
pneumatic,  electrical.  Have  the  Authors  done  a  comparison  of  the  total  weight  for  each  system? 


Author's  Reply 

Not  yet,  the  weight  analysis  is  under  evaluation. 


A.L.Romanin,  US 

With  retard  to  the  ram  air/ finned  oil  cooling  design:  has  this  system  been  comimied  to  other  cooling  methods 
regarding  weight,  resistance,  volume  and  Cost? 

Author’s  Reply 

As  was  said  before  weight  analysis  is  under  evaluation,  volume  and  cost  will  he  dealt  with  later  on.  The  resistance, 
i.c.  Might  drag  will  be  approximately  \%  less  compared  with  conventional  rarn  air  heat  exchangers 


KH.Warne.  UK 

How  do  you  propose  to  overcome  difficulties  due  to  freezing  of  the  expendable  coolant,  (Fig.  13  of  your  paper)? 

Author's  Reply 

Freezing  of  the  coolant  will  he  avoided  by  means  of  additives. 


K.Mose,  Gc 

Amongst  Al’U  configurations  presented  in  Fig.  1 5,  is  there  thr  A1*U  model  being  offered  for  the  Airbus  A  320? 

Authors  Reply 

For  Airbus  A  320  most  probably  configuration  C  will  be  used. 


R. Smith.  US 

Fig.l  1  and  1 2.  Arc  the  cooling  fins  rammed  with  a  recovery  duct  or  are  they  simply  on  the  external  skin? 
Author's  Reply 

The  cooling  fins  arc  pHrt  of  the  outer  skin  of  the  f  uselage. 


AD  P0n2286 
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ABSTRACT 

/ 

/ 

'A-Self-sufflciency  for  military  aircraft  operating  from  remote  advanced  bases  can  be  at¬ 
tained  with  small  on-board  air  breathing  gas  turbine  auxiliary  power  units  (APUs)  supplying 
main  engine  start  and  aircraft  secondary  power. 


The  small,  fixed  shaft,  gas  turbine  configuration  comprising  the  single-stage  radla1, 
compressor  and  radial  Inflow  turbine,  mounted  back-to-back,  and  overhung  from  a  "cold  J"  j 

bearing  capsule  has  found  favor  in  providing  this  duty  due  to  Inherent  attributes  of  uw  i 

cost,  simplicity  and  high  power-to-weight  ratio. 

This  configuration  of  APUs  first  entered  service  in  the  early  1950s,  and  derivatives  have  [ 

been  designed,  developed  and  produced  to  meet  aircraft  Industry  demands.  Extensive  experience 
with  these  APUs  has  led  to  the  formulation  of  several  major  design  constraints,  within  the  ob¬ 
jective  of  minimum  life  cycle  costs,  that  enhance  development  of  both  modified  and  derivative  1 

versions,  This  paper  highlights  some  of  these  design  constraints  and  Identifies  advantageous  j 

areas  of  research  and  development  for  future  APUs.  I 

4 

NOMENCLATURE  ' 


b 

Blade  Height 

0 

Rotor  Diameter 

9 

Gravitational  Constant 

H 

Head 

hp 

Horsepower 

Hz 

Frequency 

k 

Constant 

kW 

Power 

l. 

Blade  Length 

n 

Exponent 

N 

Rotational  Speed 

NS 

Specific  Speed  (Dimensionless) 

9 

Compressor  Work  Factor 

Q 

Volume  Flow 

Rc 

Compressor  Pressure  Ratio 

Re 

Reynolds  Number 

SFC 

Specific  Fuel  Consumption 

t 

Blade  Root  Thickness 

T 

Total  Temperature 

T.I.T. 

Turbine  Inlet  Temperature 

U 

Rotur  1  Ip  Speed 

Vo 

Theoretical  Spouting  Velocity 

B 

Blade  Angle 

5 

Altitude  Correction  Factor 

A 

Difference 

V 

Kinematic  Viscosity 

w 

Angular  Velocity 

SUBSCRIPTS 

1  Compressor  Inlet 

2  Compressor  Exit 

3  Turbine  Inlet 

c  Compressor 

t  Turbine 

m  Metal 

Pol  Polytropic 

opt  Optirnu 
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INTRODUCTION 

In  the  United  States,  competitive  bidding  on  major  military,  airborne  and  air  breathing 
APU  programs  has  historically  shown  that  the  primary  program  requirements  were  (In  order  of 
Importance) : 

•  Development  and  Selling  Cost 

•  Rel labl 1 Ity/Malntalnabll Ity 

•  Volume  and  Weight 

•  Fuel  Consumption 

To  minimize  costs,  the  development  of  small  gas  turbine  APUs  has  been  constrained  to  the 
modification,  adaptation,  or  extension  of  existing  engines  and  components.  Only  In  special 
circumstances  have  private  sector  or  government  research  and  developin'  it  funds  been  available 
for  the  design  and  development  of  new  APUs. 

Self-sufficiency  for  both  military  and  commercial  aircraft  operating  from  ri  note  air¬ 
fields  can  be  attained  with  small  on-board  APUs  supplying  main  engine  start  and  ground  check¬ 
out  power.  In  spite  of  Increased  fuel  costs,  APU  fuel  consumption  has  not  been  a  major  aspect 
because  most  applications  Involve  only  Intermittent  duty.  Fundamental  design  emphasis  has 
therefore  been  focused  upon  a  reduced  number  of  components  for  reliability  and  maximum  pnwer- 
to-welght  and  power-to-volume  ratios. 

Life  cycle  cost  (LCC)  analyses  may  be  conducted  for  comparative  design  evaluation  when 
detailed  information  concerning  a  specific  mission  profile  has  been  defined  by  thr  user.  In 
most  Instances,  development  and  selling  cost  constraints  have  dictated  the  selection  of  an 
engine  utilizing  a  maximum  of  existing  hardware  and  experience.  This  Is  corroborated  by  the 
fact  that  It  Is  not  uncommon  for  a  particular  APU  product  line  to  have  40  or  more  Individual 
variants  for  diverse  fixed  and  rotary  wing  aircraft  applications. 

Under  the  constraints  of  minimum  development,  selling  costs,  high  reliability,  and  min¬ 
imum  weight,  a  design  philosophy  has  evolved  which  Is  the  major  topic  of  this  paper.  These 
constraints  can  essentially  be  divided  into  two  categories.  For  example.  If  an  APU  specifi¬ 
cation  Is  Issued  which  can  be  satisfied  by  an  existing  model  or  derivative  thereof,  the  major 
constraint  will  be  system  Integration  for  minimum  LCC.  Alternately,  If  the  specification 
demands  an  entirely  new  APU,  LCC  must  be  optimized  within  the  constraints  of  the  engine  and 
component  design  disciplines. 

DESIGN  DISCIPLINES 

The  major  engine  design  disciplines  of  cost,  life,  performance  and  weight  must  be  Inte¬ 
grated  to  optimize  the  final  APU  configuration.  Cost  often  mandates  a  simple  turbomachinery 
configuration  with  a  minimum  number  of  components  and  simple  external  Impingement  cooling  of 
the  hot-end  module. 

The  small  gas  turbine  and  turbocharger  configurations  having  the  largest  production  in 
the  United  States  to  date  are  comprised  of  a  single-stage  radial  compressor  mounted  back-to- 
back  to  a  single-stage  radial  Inflow  turbine.  This  configuration,  shown  In  Figure  1,  has 
found  wide  acceptance  for  small  APUs  in  the  10  to  200  kW  class. 


Figure  1.  Small  Single  Shaft  Cas  Turbine 
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Although  "simplifying  design  through  component  reduction"  can  be  construed  as  an  over¬ 
statement  of  probable  engine  reliability,  the  establishment  of  a  design  goal  In  the  reduction 
of  components  and  parts  Is  a  big  step  forward  In  attaining  the  ultimate  goal.  Component  re¬ 
duction  Is  also  an  obvious  technique  to  minimize  cost  and  tolerance  stackup  restraints.  Con¬ 
sequently,  the  compressor  and  turbine  rotors  are  often  single-piece  castings  similar  to  that 
uf  the  lass-produced  turbocharger  rotors. 

The  dominance  of  the  single-stage  radial  or  centrifugal  compressor  stems  from  Its  cost 
attributes.  Incremental  Improvements  In  turbine  materials  and  progressive  aerodynamic  devel¬ 
opment  of  centrifugal  compressor  technology  have  provided  Increased  temperature  ratio, 
pressure  ratio  and  airflow  swallowing  capacity  (specific  speed)  to  the  extent  that  APU  power- 
to-welght  ratios  of  4.4  kW/kq,  and  power-to-vulume  ratios  of  8000  kW/m’  are  attainable. 

Other  small  gas  turbine  component  configurations  are  also  manufactured,  retaining  the 
single-stage  radial  compressor,  but  In  combination  with  a  slngle-or  two-stage  axial  flow 
turbine. 


CYCLE  OPTIMIZATION 

Ueslgn  optimization  normally  begins  with  a  design  requirement  for  an  engine  of  given 
power  output,  specific  fuel  consumption,  and  possibly  weight  and  size.  Within  these  confines, 
It  Is  customary  to  select  an  optimum  combination  from  the  following  cycle  variables: 


■  T. I .T. -to- Ambient  Temperature  Ratio 

•  Compre- '.or  and  Turbine  Efficiencies 

•  Pressui  Ratio 

•  Combustor  Efficiency  and  Pressure  Drop 

•  Mechanical  Losses 

Comprehensive  performance  analysis  for  small  gas  turbines  using  single-stage  radial  com¬ 
pressors  and  turbines  have  been  developed  (Reference  1)  and  extended  to  Include  the  constraint 
of  turbine  rotor  stress  rupturP  life. 

Current  methods  of  predicting  the  peak  component  efficiencies  demand  lengthy  computation 
procedures  and  extensive  Input  Including  complete  turbomachinery  geometry  description  and  per¬ 
formance  requirements.  Such  prediction  methods  are  too  Inflexible  for  use  in  a  cycle  optimi¬ 
zation  procedure.  To  obtain  a  practical  procedure,  It  Is  necessary  to  define  component  effi¬ 
ciencies  In  terms  of  a  reduced  number  of  parameters  without  significantly  sacrificing  accu¬ 
racy.  The  major  parameters  which  Influence  component  efficiency  are  rotational  speed,  Mach 
number  and  pressure  ratio,  component  size,  operating  clearances  and  state-of-the-art  techno¬ 
logy  level . 

The  Inlluence  of  rotational  speed  and  compressibility  can  be  assessed  from  specific  speed 
charts  such  as  those  for  typical  single-stage  radial  flow  compressors  and  t.urolnes  shown  In 
Figures  2  and  3  respectively.  Component  state-of-the-art  efficiency  levels  are  depicted  based 
upon  the  defined  limitations,  and  can  be  digitized  for  Inclusion  into  cycle  analysis  routines. 


Figure 
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Figure  3.  Attainable  Peak  Efficiencies  Single  Stage  Radial  Turbines 


For  Intermittent  duty,  there  are  Incentives  to  provide  higher  specific  power  with  In¬ 
creases  In  cycle  temperature  and  pressure  ratios,  commensurate  with  turbine  life  and  reliabil¬ 
ity  objectives.  Higher  slngle-stnge  compressor  pressure  ratios  are  realized  by  Increasing 
rotor  tangential  velocities: 

2 

U2  a  AH/q  (1) 

Higher  Mach  numbers  at  the  rotor  entry  and  exit  are  Incurred.  The  aerodynamic  problems 
associated  with  diffusion  at  these  conditions  are  being  resolved  to  attain  efficient  high 
pressure  ratio  compressor  operation.  These  problems  involve  careful  selection  of  the  blading 
solidity,  thickness  chord  ratios,  nose  radius,  hub  and  shroud  contours,  appropriate  rotor  and 
diffuser  diffusion  ratios,  and  strict  control  of  the  design  dimensions. 

At  higher  pressure  ratios,  compressor  surge  and  engine  matching  do  not  always  allow  oper¬ 
ation  at  peak  compressor  efficiency.  Therefore,  engine  design  point  compressor  efficiency 
may  be  one  to  two  percentage  points  below  peak  efficiency  depending  upon  compressor 
characterl sties . 

Pressure  ratio  Increase  by  Itself  does  significantly  impact  turbine  performance  and  life. 
Efficient  turbine  expansion  demands  relatively  high  rotor  tip  speeds  (650  m/s)  at  pressure 
ratios  above  5.0.  High  tip  speeds  consequently  increase  rotor  centrifugal  stresses  and  com¬ 
promise  turbine  life  and  burst  margin. 

Optimum  efficiency  for  radially  bladed  turbines  occurs  adjacent  tu  a  velocity  ratio  of 
U.(/V„  =  0.7.  Other  considerations  often  restrain  the  tip  speed,  U,  to  values  less  than 

the  aerodynamic  optimum,  where  turbine  efficiency  approximately  decreases  according  to  the 
relationship: 

U,/V 
3  o 

-  1.  t  1  -  (  -  -  1  f  1  (2) 

opt  (U3/Vo) 

opt 

Factors  Influencing  the  selection  of  allowable  tip  speed  are: 

•  Turbine  Life  -  Stress  Rupture,  Low  Cycle  Fatigue,  and  Burst  Margin 

•  Turbine  Efficiency  ( t  U3/Vo  opt) 


Engine  Envelope  Dimensions 
Fnglne  Starting  Characteristics 


(3) 
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For  a  typical  non-Internally  cooled  superalloy  rotor,  the  allowable  tip  speed  for  a  given 
life  can  be  expressed  as: 

U3  .  <Tm-T3)"  (4) 

where:  n  =  an  exponent  on  the  order  of  0.5 
=  Metal  temperature  near  zero  strength 

The  Implication  of  this  relationship  is  that  the  stress  (stress  rupture  and  low  cycle 
fatigue)  permissible  tip  speed  decreases  rapidly  as  the  T.I.T.  approaches  50°C  of  the  "zero 
strength11  temperature  level,  which  for  current  conventional  superalloys  is  around  1400  K. 

Engine  envelope  limitations  and  starting  characteristics  result  in  the  selection  of  a 
turbine  tip  diameter  normally  no  larger  than  10  percent  of  the  compressor  tip  diameter: 
D3=l.ld2. 

OPTIMIZATION  EXAMPLE 

The  simplicity  of  the  radial  gas  turbine  with  single-stage  compressor  and  turbine  com¬ 
ponents  permits  a  computerized  performance  optimization  incorporati nq  all  the  aforementioned 
design  disciplines  plus  determlnat  !«*••  "f  the  approximate  APU  weight,  volume  and  cost  from  the 
following  correlations: 

Weight  a  k2(Rc  -  l)D2n  ■  kjD-j"  +  k4  (5) 

Volume  a  kjDn  +  kg  (6) 

Cost  a  k?Wn  +  kg  (7) 

Weight  and  volume  Include  the  powerhead  and  gearbox  but  exclude  accessories,  driven 
equipment,  containment,  ducting,  or  external  oil  cooling.  APU  cost  studies  Indicate  power- 
head  costs  are  a  function  of  weight;  whereas  accessory,  control,  assembly  and  test  costs  are 
essentially  fixed  In  this  size  range.  These  correlations  should  be  Interpreted  as  represent¬ 
ative  of  the  weight,  volume  and  original  equipment  manufacturer's  cost  trends,  rather  than 
Indicative  of  absolute  values. 


COMPRESSOR  SPECIFIC  SPEED,  NSC 

Figure  4.  100  kW  APU  Optimization 
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A  hypothetical  100  kW  APU  radial  configuration  was  analyzed  using  the  performance  optim¬ 
ization  technique  to  assess  the  trends  of  weight,  volume,  cost,  and  fuel  consumption  at  sea 
level,  15°C  conditions.  A  maximum  uncooled  T.I.T.  of  1280  K  was  selected  with  compressor 
pressure  ratios  of  4.0*  5.0,  and  6.0.  The  results  and  analysis  are  shown  in  Figure  4  and 
Indicate  the  following  trends. 

•  Optimum  cycle  SFC  and  minimum  cost/weight  occur  at  different  specific  speeds. 

•  Cycle  pressure  ratio  has  little  effect  on  specific  weight,  volume  and  cost. 

(The  use  of  titanium  compressors  at  higher  pressure  ratios  can  increase  cost  up  to 

10  percent.)  i 

•  With  continuing  emphasis  upon  minimum  weight  for  Intermittent  duty  APUs,  compo-  1  1 

nent  development  efforts  should  be  channeled  towards  specific  high  speed  compres¬ 
sors  and  turbines,  plus  high  heat  release  combustors.  j  i 

The  trends  only  relate  to  the  optimization  of  an  entirely  new  or  hypothetical  design.  ! 

In  most  Instances,  higher  specific  power  is  obtained  by  continued  upratlng  in  terms  of  speed, 

airflow,  pressure  ratio  and  T.I.T.  for  an  existing  APU.  Continued  upratlng  within  the  same  J 

envelope  towards  maturity  in  engine  development  may  result  In  reduced  fuel  economy  In  spite 
of  Increased  power,  as  precipitated  by  component  specific  speed  effects  and  increased  duct 
pressure  losses. 

It  Is  of  further  Interest  to  examine  the  effect  of  engine  power  on  specific  weight, 
volume  and  cost  at  a  specific  compressor  speed  of  0.9,  as  shown  In  Figure  5.  Engine  weight 
departs  considerably  from  the  classic  kW1'*  formulation,  since  low  cost  demands  utilization 
of  existing  accessory  and  control  components. 

Specific  APU  power  and  volume  ratios  rapidly  approach  zero  at  very  low  powers,  as  do  most 
other  sources  of  seccndary  power.  At  lower  powers  (less  than  30  kW),  rotational  speeds  In 
excess  of  150,000  rpm  are  encountered  near  optimum  specific  power  and  volume. 


Figure  b.  Influence  of  Power  on  Cost,  Weight  and  Volume 
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Small  gas  turbines  (Figure  6)  still  have  higher  pDwe.  volume  and  power-weight  ratios  than 
intermittent  combustion  engines  and  stored  electrical  energy  (batteries). 

The  cycle  optimization  example  previously  discussed  was  conducted  at  sea  level,  15°C 
conditions  for  comparative  evaluation  purposes.  Most  intermittent  duty  APUs  for  main  engine 
starting  are  designed  to  operate  at  cmbient  temperatures  of  40°  to  50°C  where  engine  starting 
difficulty  is  increased. 


ENVIRONMENTAL  CONSIDERATIONS 

Typical  trends  for  the  effect  of  ambient  temperature,  altitude  and  flight  Ma~k  number 
for  constant  speed,  single-shaft  radial  gas  turbines  operating  at  constant  T.I.T.  are  shown 
in  Figures  7  and  8.  It  is  observed  that  output  power  decreases  approxl1  ely  3D  percent  at 
hot  day  conditions  of  50°C.  Thus,  if  the  APU  is  sized  for  hot  day  aircr  it  starting  require¬ 
ments,  the  maximum  T.I.T.  for  ground  starts  will  only  be  experienced  at  elevated  ambient 
temperatures.  Since  up  to  95  percent  of  APU  operating  time  is  normally  spent  at  ambient  tem¬ 
peratures  below  32°C,  the  turbine  is  rarely  exposed  to  the  maximum  rating,  which  is  similar 
to  flat  rated  helicopter  gas  turbine  engines.  Emergency  inflight  starting  is  occasionally 
specified  up  to  the  altitude  limits  where  consistent  APU  starts  can  still  be  achieved,  de¬ 
pending  upon  starting  technique  and  ignition  characterl sties.  In  emergency  conditions,  time 
from  "power  loss"  to  "power  up"  is  vital,  particularly  for  fly-by-wire  aircraft  Air  breath¬ 
ing  APUs  have  difficulty  in  meeting  such  altitude  emergency  restart  requirements,  due  to 
power  lapse  rate  (Figure  7)  which  invari.  ly  occurs  with  no  inlet  ram.  Consequently,  supple¬ 
mentary  non-air  breathing  emergency  power  units  are  also  Installed  in  many  aircraft,  with 
commensurate  weight  penalties. 


Figure  6.  T20G  Gas  Turbine 


Figure  7. 


Typical  Power  Lapse  Rate  51ngle  Shaft  Radial  Gas  Turbine 
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Reference  2  Indicates  that  high  altitude  start  and  power  characteristics  of  air  breathing 
APUs  can  be  enhanced  by  Improvements  In  Ignition,  fuel  atomization,  and  combustion,  plus  In¬ 
stallation  to  maximize  the  significant  effect  of  inlet  ram  (Figure  8).  It  Is  now  considered 
feasible  with  appropriate  res-arch  and  development  to  attain  full  APU  power  In  an  elapsed  time 
of  six  to  seven  seconds  at  15,000  meters  altitude. 


HIGH  AND  LOW  CYCLE  FATIGUE  CONSTRAINTS 

For  cost  reasons,  It  Is  desirable  to  produce  both  compressor  and  turbine  rotors  from 
single  forgings  or  castings.  A  fundamental  problem  with  munollthic  rotors  is  their  very  high 
response  to  excitation  (similar  to  that  of  a  church  bell).  There  are  many  sources  of  high 
frequency  energy  excitation  within  small  gas  turbines  which  can  "ring"  a  bell-like  structure; 
therefore,  cast  rotors  are  susceptible  to  high  cycle  fatigue  failure.  Fortunately,  because 
the  small  radial  gas  turbine  normally  operates  at  constant  speed,  It  may  be  possible  to  de¬ 
tune  resonant  frequencies  out  of  the  operating  speed  range.  The  two-shaft  gas  turbine,  often 
used  as  a  jet  fuel  starter  (JFS),  operates  at  variable  speeds  and  requires  additional  vibra¬ 
tion  testing  to  assess  high  cycle  fatigue  durability. 

It  Is  a  standard  and  advisable  practice  to  avoid  any  of  the  first  three  or  four  orders 
of  shaft  speed  resonance.  This  Is  difficult  with  specific  high  speed,  high  Mach  number  com¬ 
pressors,  and  It  Is  necessary  to  accurately  control  blade  frequency  between  the  second  and 
third  excitation  order  levels,  or  compromise  performance  In  favor  of  durability.  Approximate 
blade  first  flap  frequencies  for  radial  rotors  can  be  calculated  from  the  data  shown  in 
Figure  9,  which  are  useful  In  preliminary  rotor  design. 

More  accurate  frequency  determination  Is  obtained  from  thrac-dlmenslonal ,  finite  element 
modeling  In  the  detail  design  phase  (Figure  10). 

Eventually,  holographic  testing  of  actual  hardware  resolves  the  static  resonant  modes, 
which,  In  combination  with  engine  dynamic  strain  gauge  testing,  defines  the  resonant  frequen¬ 
cy  (Campbell)  diagram. 


5  10  15  2U 

ALTITUDE,  METERS  THOUSANDS 


Figure  8.  Effect  of  Altitude  and  Flight  Mach  Number  on  Ga-  lurblnt  APU  Performance 
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Figure  9.  Estimated  Blade  First  Flap  Frequency 


Figure  10.  30  Finite  Element  Rotor  Model 

Small  gas  turbine  jet  fuel  starters  are  also  susceptible  to  low  cycle  fatigue  (LCF)  life 
limitations.  These  units  are  required  to  make  between  two  to  six  thousand  start  cycles,  de¬ 
pending  upon  the  Installation.  A  typical  start  cycle  endures  up  to  10  seconds  for  the  JF$ 
start,  followed  by  30  seconds  of  maximum  T.I.T.  to  accomplish  a  main  engine  .tart.  Immediate 
shutdown  follows  and  restarts  are  often  required  after  a  minimum  cool  down  period  of  two 
minutes.  As  most  small  APUs  have  minimal  external  or  no  turbine  rotor  cooling,  the  maximum 
thermal  gradients  may  be  300°C  or  more.  The  turbine  rotor  accumulates  low  cycle  thermal 
fatigue  damage  by  repeated  operation  to  full  speed  and  temperature. 

Turbine  overt.emperature  and  overspeed  excursions  Impact  LCF  life.  In  some  applications, 
only  one  turbine  exhaust  temperature  probe  is  used  for  engine  control.  Calibration  of  the 
probe  must  be  maintained,  especially  In  hot  climates,  and  should  be  accurately  positioned  at 
a  point  in  the  gas  stream  representative  of  the  mass-averaged  temperature.  In  general,  LCF 
life  is  extended  by  operating  at  lower  temperatures  and  lower  rotor  stresses,  which  are  con¬ 
trary  to  the  attainment  of  maximum  specific  power  and  are  another  example  of  demanding  design 
constraints . 

In  addition  to  high  arid  low  eyrie  fatigue  and  stress  rupture  constraints,  turbin  -;tor 
burst,  overspeed  margin  and  mode  of  burst  Influence  turbine  rotor  design  philosophy,  tor 
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stress  optimized  rotor  discs,  the  overspeed  burst  margin  decreases  with  Increasing  pressure 
ratios  and  turbine  inlet  temperatures.  The  mode  of  burst  Is  a  significant  factor  In  deter¬ 
mining  APU  containment  weight,  If  required  by  specification.  The  disc  can  be  designed  for  a 
high  burst  margin  with  a  tri-hub  burst  characteristic,  or  a  somewhat  lower  burst  margin  with 
a  more  desirable,  fragmented,  lower  energy  disc  burst. 


SHAFT  DYNAMICS  BEARINGS  AND  SEALS 

The  shaft  dynamic  characteristics  of  radial  gas  turbines  with  overhung  back-to-back 
compressor  and  turbine  rotors  (Figure  1)  have  been  extensively  studied. 

Shaft  critical  speed  Is  primarily  a  function  of  the  following  variables: 

•  Combined  Rotor  Mass 

•  Bearing  Stiffness 

•  Shaft  Diameter 

•  Bearing  Span 

•  Rotor  Overhang 

Different  vibration  modes  for  a  given  rotor  system  with  large  changes  in  spring  rate  are 
exhibited  in  Figure  U.  The  linear  portion  of  the  curve,  at  low  bearing  spring  rates,  corre¬ 
sponds  to  the  "rigid  body"  mode  of  vibration  where  little  or  no  shaft  bending  occurs  and  all 
motion  is  in  the  bearings  and  their  supports.  At  high  bearing  spring  rates,  the  converse  is 
true,  and  almost  all  motion  is  in  shaft  bending,  with  little  motion  In  the  bearings.  In  the 
transition  region,  the  vibration  mode  shape  Involves  both  bearing  motion  and  shaft  bending. 
With  bearing  spring  rates  in  the  3  x  10‘  to  4  x  10‘  kg/mm  range,  the  rotor'  characteristic 
lies  in  the  transition  region,  with  a  critical  speed  near  10  percent  design  speed.  This  rotor 
system  would  demonstrate  the  very  desirable  characteristic  of  having  one  critical  speed  In  the 
low  speed  range  and  no  additional  critical  speeds  in  the  high  speed  or  operating  range. 

For  a  given  rotor  mass  and  bearing  stiffness,  the  important  variable  In  the  support 
system  Is  the  shaft  diameter,  preceded  by  the  bearing  span/to  overhung  ratio.  Likewise,  the 
shaft  diameter  Is  also  constrained  by  the  bearing  "ON"  vab  •»  limitations.  Bearing  span  to 
overhang  ratios  of  near  unity  provide  the  highest  system  critical  speed. 

The  significance  of  seeking  the  highest  critical  speed  is  to  provide  the  stlffest  overall 
system  In  terms  of  combined  shaft  and  bearing  deflections  which  are  of  Importance  to  <  ompres- 
sor  and  turbine  shroud  clearances. 

Important  factors  controlling  bearing  life  1h  overhung  radial  rotor  systems  are: 

1.  Selection  of  optimum  bearing  size  and  "DN"  value 

?.  Rotor  unbalance,  prior  to  and  after  repeated  dynamic  and  thermal  excursions 

3.  Bearlny  environment  and  lubrication 

4.  Bearing  preload  (angular  contact  bearings) 

5.  Bearing  Internal  clearance  (roller  bearings) 

6.  Rotor  static  load  and  end  thrust 


REARING  SPRING  RATE,  KG/MM  (LOG  -ALE) 
n.  fcfte  t  of  Bearing  Stiffness  on  Critical  Speed 


Mg>  r 


4  11 


The  majority  of  field  service  related  bearing  problems  stem  from  the  above  factors  2  and  , 

3.  Bearing  "ON”  limitations  do  not  scale  directly  with  engine  size.  One  deviating  constraint  j 

arises  from  the  larger  ball  size  to  withstand  centrifugal  stresses  at  high  rotational  speeds.  j 

i 

Current  bearing  materials  and  life  requirements  limit  bearing  "DN"  values  for  small  j 

radial  engines  to  the  order  of  1.8  x  10“  mm/rpm.  j 

I 

The  "cold"  location  of  bearings,  shown  in  Figure  1,  Is  an  ideal  environment  where  the  | 

compressor  inlet  air  bathes  the  bearing  capsule.  Sealing  is  required  between  the  bearings  and 
the  subatmospheric  pressure  at  the  compressor  eye,  and  is  accomplished  with  either  a  buffered 
labyrinth,  viscoseal  or  more  expensive  carbon  face  seal.  Heat  Input  to  the  bearing  capsule 
arises  from  bearing  viscous  drag,  heat  conduction  from  the  turbine  rotor  down  the  shaft,  and 
possibly  the  buffer  air.  Buffer  air  heat  Input  becomes  significant  as  advanced  technology 
demands  higher  compressor  pressure  ratios  and  higher  buffer  air  temperatures. 

Higher  compressor  pressure  ratios  also  result  In  elevated  Mach  numbers  and  Impose  a 
trade-off  between  compressor  hub  size  -  thus  bearing  external  diameter  -  and  minimum  Inlet  | 

relative  Mach  number.  J 


I 


i 

i 
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APU  STARTING  AND  COMBUSTION 

The  combustor  and  fuel  system  are  not  only  vital  to  APU  reliability  but  may  also  be  the 
only  determining  factors  of  consistent  aircraft  starting.  Fast  starting  is  required  over  a 
wide  range  of  ambient  temperatures  and  altitudes  for  the  APU  and  the  main  engine  to  which  it 
supplies  starting  energy.  Starting  torque  characterl sties  of  small  aircraft  gas  turbines  and 
APUs  are  discussed  at  length  in  Reference  3.  The  dominant  factors  controlling  start  charac¬ 
teristics  at  sub-ze» o  temperatures  are  both  the  lubricant  and  fuel  viscous  shear  effects.  In 
fact,  the  stored  energy  start  system  (with  hydraulic  accumulator)  for  rapid  sub-zero  starting 
may  weigh  as  much  as  the  APU  Itself  because  of  high  lubricant  shear  stresses.  Starting  duty 
APUs  are  further  burdened  with  the  Incompatlbi 1 1 ty  of  torque  output  dependent  upon  altitude 
correction  factor  "6".  However,  main  engine  Initial  cranking  torque  Is  dependent  basically 
upon  lubricant  viscosity. 

Combustion  for  the  small  radla1  APUs  Is  accomplished  in  either  annular  reverse  flow  or 
Single  can  scroll  burners,  which  are  common  to  many  larger  gas  turbine  engines.  The  principal 
combustor  requirements  are  minimum  envelope  and  an  efficient  short  stable  combination  flame 
over  a  wide  range  of  environmental  operating  conditions.  This  must  be  achieved  with  fuel  vis¬ 
cosities  of  one  or  more  centlstokes.  Efficient  combustion  over  this  viscosity  variation 
permits  the  use  of  a  compact,  lightweight,  low  energy,  Ignition  system  and  allows  simple, 
open-loop  acceleration  fuel  scheduling.  With  restricted  volume,  the  time  for  fuel  evapora¬ 
tion,  mixing,  and  reaction  Is  small.  Short  residence  time  Is  critical  to  Ignition,  combustion 
efficiency,  flame  stability  and  flame  length.  However,  mixing  and  reaction  criteria  have  less 
Influence  on  fuel  evaporation.  The  principal  combustion  problem  is  to  provide  fine  fuel  evap¬ 
oration  with  viscous  fuel,  thereby  accelerating  the  fuel  evaporation  process. 

Handling  small  fuel  flows  requires  extremely  small  flow  passages  when  conventional  pres¬ 
sure  atomizing  systems  are  employed.  These  small  pa-.sages  are  susceptible  to  clogging  with 
dirt  or  gum.  This  becomes  even  more  restrictive  in  considering  the  Importance  of  good  atom¬ 
izing  requirements  for  llghtoff  and  combustion  (during  lightoff  and  APU  acceleration)  with 
about  one-third  of  the  full  speed  fuel  flow.  The  problem  Is  further  compounded  when  the  total 
fuel  is  distributed  among  several  injection  points,  as  required  by  annular  burner  designs. 

For  these  reasons,  the  combustion  systems  of  smaller  APUs  employ  a  single  can-type  com 
buctor,  In  which  ail  the  afr  and  fuel  are  confined  to  one  location  for  atomization  and 
burning.  A  unique  rotating  cup  atomizer,  shown  In  Figure  12,  permits  fuel  addition  to  the 
combustor  at  low  pressure  through  large  flow  passages,  and  atomization  is  accomplished  by 
thin  film  injection  of  fuel  from  the  edge  of  a  single,  open,  rotating  cup  with  little  possi¬ 
bility  of  fouling  or  plugging.  An  additional  significant  advantage  of  the  rotating  cup 
system  Is  that  the  electric  motor-driven  cup  can  be  at  full  speed  and  full  atomization 
potential  when  the  fuel  Is  first  Introduced  for  llghtoff  during  the  turbine  start-up.  The 
excellence  of  this  system  ensures  reliable  Initial  llghtoff  and  high  combustion  efficiency 
with  all  fuels,  particular ly  at  the  extremely  low  temperatures  required  In  typical  military 
appl icatlons. 


DEVELOPMENT  CONSIDERATIONS 

I  he  development  history  of  small  radial  gas  turbines  has  shown  conclusively  that  It  Is 
difficult  to  duplicate  engine  component  performance  in  typical  Individual  component  test 
rigs.  The  major  reasons  for  this  difficulty  are  hebt  transfer,  shaft  dynamics  leafage,  and 
flow  distribution  effects. 
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Figure  12.  T20G  Gas  Turbine  with  Rotating  Cup  Fuel  Atomizer 


Clearance* 

Since  clearance  gaps  must  be  provided  between  the  rotor  and  Its  shrouds,  leakages  from 
the  rotor  blade  pressure  to  suction  surfaces  occu"  trd  decrease  the  efficiency.  The  minimum 
tolerable  operating  clearance  Is  determined  by  a  transient  operating  condition,  and  the 
efficiency  at  the  desired  steady-state  operating  condition  Is  compromised. 

Test  results  Indicate  that  the  effect  of  clearances  on  radial  compressors  and  turbine 
efficiency  can  be  approximated  by: 

Compressor  efficiency  loss  X  =  0.2b  x  axial  gap/ttp  blade  height  *  (8) 

Turbine  efficiency  loss  %  =  0.1b  x  axial  yap/tip  blade  height  X  (9) 

A  loss  In  compressor  efficiency  due  to  Increased  axial  clearance  Is  accompanied  by  a  re¬ 
duction  In  matched  compressor  airflow  at  the  rated  engine  speed  and  operating  temperature. 

This  follows  as  a  consequence  of  reduced  compressor  discharge  pressure  against  an  essentia  My 
constant  turbine  flow  function. 

The  assignment,  of  clearance  settings  for  the  compressor  and  turbine  requires  a  compromise 
among  the  requirements  of  the  aerodynamlcl st ,  the  mechanical  designer,  and  manufacturing  per¬ 
sonnel.  A  thorough  appraisal  of  these  requirements  Is  mandatory  before  clearance  gaps  can  be 
chosen,  especially  since  the  above  clearance  loss  relationships  Indicate  that  a  gap-to-bl ade- 
helght  ratio  of  1U  percent  could  decrease  compressor  efficiency  2.5  percent  and  turbine  effi¬ 
ciency  1.5  percent.  Maintaining  gap-to-helght  ratios  may  prove  Impractical  to  the  mechanical 
designer  and  manufacturing  personnel  when  blade  helyhts  less  than  5.0  mm  ar  necessary. 

The  number  of  components,  individual  component  tolerances,  turbomachinery  arrangement, 
and  hearing  clearances  can  magnify  the  problem  of  maintaining  close  gaps.  A  shimming  process 
Is  often  used  to  satisfy  clearance  gap  and  component  tolerance  limitations  with  the  widest 
possible  manufacturing  tolerances. 

Heat  Tran»f»r 

Heat  transfer  from  the  hot  section  of  an  engine  to  the  compressor  Influences  both  the 
direct,  aerodynamic  processes  and  the  thermal  equilibrium  and  positioning  of  the  stationary 
shrouding  of  the  compressor.  Assembly  ••learanrps  which  may  be  acceptable  on  a  rig  may  result 
in  interferences  on  an  actual  engine.  Gas  turbine  package  systems  often  use  Inlet  air  for  the 
gearbox  and  accessory  cooling  with  resulting  unmWedness  and  nonuniform  compressor  air.  Com¬ 
pressor  rigs,  on  the  other  hand,  are  noted  for  their  exactly  defined  and  uniform  Inlet 
conditions . 

Thermal  modeling  of  the  ga*  turbine  engine  assembly  during  design  can  assist  In  assessing 
the  compatibility  of  rotor  and  stationary  shroud  deflections  during  steady-state  and  transient 
conditions,  Solutions  of  the  complex  problems  raised  by  the^e  analyses  benefit  great’y  from 
simulated  engine  testing  early  In  the  compressor  d«  wplapment. 


The  magnitude  of  heat  transfer  effects  on  both  the  rotating  and  surrounding  stationary 
components  Increases  with  the  trend  toward  higher  pressure  ratios,  higher  tip  speeds,  and 
higher  turbine  Inlet  temperatures.  External  heat  losses  also  tend  to  increase  with  surface 
area,  which  is  Inversely  proportional  to  diameter.  The  effects  are  further  amplified  on 
small  site  components.  In  which  potentially  high  performance  losses  are  associated  with  large 
ratios  of  clearance  gap  to  rotor  blade  height. 

Shaft  Dynamics 

The  customary  component  development  approach  Is  to  select  a  rig  design  that  minimizes 
potential  mechanical  problems  associated  with  rotor  support  and  drive-shaft  dynamics.  At  some 
later  stage  of  development,  It  becomes  necessary  to  superimpose  the  effects  of  the  engine  and 
Its  support  and  shaft  dynamics  system.  It  can  be  seen  that  these  effects  are  better  measured 
on  an  actual  system  when  one  examines  some  of  the  whirl  patterns  that  characterl.-e  engine  ro¬ 
tor  systems.  The  minimum  rotor  to  stationary  shroud  clearances  are  significant  only  when  due 
consideration  has  been  given  to  the  rotor  system  at  Its  critical  speed  condition  on  the  com¬ 
plete  engine  rotor.  For  the  back-to-back  system  with  overhung  compressor  and  turbine,  the 
maximum  rotor  radial  excursion  occurs  at  the  turbine  exducer  tip  du. Ing  acceleration  through 
the  first  critical  speed  of  the  shaft  system.  Here,  minimum  clearance  Is  primarily  contingent 

upon  rotor  Imbalance  and  the  piloting  system  retaining  the  turbine  nozzle  These  factors 

are,  In  turn,  dependent  upon  thermal  conditions  throughout  the  engine  components.  Therefore, 
It  becomes  evident  that  early  engine  testing  Is  reqolred  tD  fully  resolve  these  problems. 

Leakage 

The  sealing  system,  required  to  prevent  external  and  Internal  engine  leakages,  may  pro¬ 
duce  performance  defects  which  cannot  be  simulated  on  a  simple  compressor  rig.  Seal  pressure 

and  temperature  differentials  vary  with  engine  load  levels  and  account  for  variations  In  these 
leakage  effects.  In  actual  enqlnes,  these  effects  are  rarely  known  directly,  and  therefore 
i  jnmt  bo  duplicated  on  a  compressor  rig.  The  sealing  problem  Is  further  aggravated  by  the 
realities  of  manufacturl ng  tolerances. 

Flow  Dlmtrlbutlon 

The  flow  distribution  In  and  out  of  the  engine  compressor  depends  upon  the  final  engine 
design  and,  In  some  Instances,  the  final  package  configuration.  The  compressor  outlet  Influ¬ 
ences  the  combustor  design  and  vice  versa.  Performance  Is  critically  dependent  upon  flow  sym¬ 
metry  and  swirl  and  cannot  be  properly  considered  without  correct  knowledge  of  these  flow 
conditions. 

In  spite  of  the  many  pitfalls  Involved  In  Individual  component  rig  testing,  It  Is  advan¬ 
tageous  to  conduct  the  Initial  exploratory  component  performance  evaluation  on  Idealized  rigs, 
These  tests  confl  m  the  validity  of  the  flow  swallowing  capacity  and  provide  a  more  reproduc¬ 
ible  standard  of  performance  evaluation.  Such  tests  are  particularly  necessary  In  Instances 
where  departures  from  established  design  procedures  have  been  attempted  In  an  effort  to  obtain 
significant,  technological  Improvements.  However,  t.he  Improvements  must  be  Immediately  exam¬ 
ined  In  a  realistic  engine  environment  when  overall  engine  performance  Is  the  ultimate  goal. 


LIFE  CYCLl  COSTS 

life  cycle  costs  for  airborne  small  gas  turbine  APUs  are  highly  mission  dependent.  For 
basic  start  duty  life  cycle  costs  consists  nf: 

•  Acqul si t  h  n  Lost 

•  Cost  per  overhaul 

•  Maintenance  Cost/Start 

•  Number  of  Starts  per  APU  Overhaul 

•  Start  System  life 
■  Development  Costs 


Costs  are  fairly  w-  II  defined  with  a  generic  APU  overhaul  and  development,  and 
mainly  upon  labor  rate,  materials  and  past  experience.  Main  enance  costs  may  not  b 
by  actual  APU  running  hours  Oi  number  of  starts,  since  envli  nmental  aspects  play  a 
role.  These  aspects  are,  for  example,  acceleration  (g)  forces,  vibration  amplitude 
guencles,  and  windmilling. 
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dominant 
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For  combination  start  and  run* Inuouc  duly  APUs,  engine  operating  time  and  fuel  consump¬ 
tion  will  enter  ICC  appraisal,  dependlnq  upon  the  used  life  fraction  for  each  mode  of  opera¬ 
tion.  Fur  continuous  duty  periods  less  then  1  bill i  hours  between  overhauls,  fuel  costs  may 
essentially  be  omitted  from  ICC  calculations . 
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In  a  given  Installation,  APU  size  may  be  determined  by  the  main  engine  start  time  or  by 
the  environmental  control  system  for  cooling  of  electronics. 

The  demand  for  minimum  weight  (especially  on  Intermittent  duty  APUs)  necessitates  thai 
the  APU  operates  close  to  Its  limiting  T.I.T.  at  hot  day  conditions.  The  percentage  of  time 
spent  at  this  limit  controls  overhaul  life.  Typical  start  cycle  requirements  between  over¬ 
hauls  range  from  a  minimum  of  5Q0,  to  a  normal  of  2000,  and  to  an  uppe,  limit  of  8000  starts. 
For  installations  where  continuous  duty  consumes  the  major  life  fraction,  the  average  time 
between  overhauls  Is  on  the  order  of  2000  hours.  For  mixed  missions,  either  2000  hours  or 
2000  starts  may  be  used  as  an  overhaul  criterion. 

An  option  for  reduced  APU  life  cycle  costs  is  the  selection  of  a  derated  APU  with  better 

LCF  and  stress  rupture  life.  This  option  Involves  a  complete  weapon  system  LCC  analysis  be¬ 

cause  this  derated  APU  carries  a  take-off  gross  weight  penalty. 

The  diversity  of  APU  applications,  modes  of  operation,  geographical  locations,  T.I.T.  and 
stresses  at  rated  power  requires  each  LCC  analysis  to  be  conducted  on  a  case-by-case  basis. 

In  general,  such  analyses  Indicate  that  the  in i Mai  acquisition  cost  can  constitute  about  one 
quarter  of  the  total  LCC.  However,  some  major  APU  programs  have  been  and  are  primarily 

secured  on  the  basis  of  acquisition  cost. 


ACQUISITION  COSTS 

Much  has  been  written  and  speculated  concerning  the  potential  low  cost,  small  gas 
turbine.  The  cost  yardstick,  has  been  the  piston  engine  of  equal  power.  Factors  which  have 
so  far  prevented  the  realization  of  low  cost,  small  gas  turbines  are: 

•  Low  Production  Volume 

•  Requirement  for  Specialized  Manufacturing  Machinery  and  Tooling 

•  High  Fuel  Consumption 

•  High  Rotational  Speeds  Requiring  High  Reduction  Ratio  Gearboxes 

•  Use  of  Strategic  Materials 

•  No  Low  Cost  Source  for  Accessories 

Current  Department  of  Energy  autonobile  gas  turbine  programs  (Reference  4)  attack  the 
cost  standard  of  superalloy  strategic  materials  with  the  proposed  large  scale  development  of 
ceramic  casting  technologies.  Nearly  all  oi  the  large  automobile  man  ifacturers  have  tried 
the  gas  turbine  venture,  without  yet  enterlny  volume  production. 

Relative  engine  component  costs  for  small,  simple-cycle  radial  engines  currently  In  pro¬ 
duction  are  listed  In  Table  1.  Improved  manufacturing  technology  has  been  suggested  (Refer¬ 
ence  5)  as  a  way  to  reduce  engine  manufacture ng  costs  to  60  percent  of  current  standards. 
Huwever,  there  is  little  evidence  to  support  a  reduction  In  small  gas  turbine  engine  prices 
in  the  long  term. 

The  small  radial  gas  turbine  and  turbocharger  are  related  in  that  both  use  a  single- 
stage  radial  compressor  and  turbine.  This  relationship  has  often  led  to  the  misconception 
that  a  small  gas  turbine  Is  really  a  sophisticated  turbocharger  with  only  a  combustor  and 
gearbox  added. 

A  cursory  examination  of  the  small  gas  turbine  (Figure  I)  and  a  typical  turbocharger 
shows  the  commonality  of  the  single-stage  compressor  and  turbine,  but  any  other  similarity  Is 
purely  Loificident.il . 

The  relative  component  costs  in  Table  1  Indicate  that  the  rotating  assembly  and  housings 
constitute  one-third  of  the  engine  price.  However,  e('en  11  '.m.i  1  1  gas  turbines  could  be  manu- 

Table  1.  Relative  Costs  of  Small  Gas  Turbine  and  Turbocharger  Components  (1  32) 


Component 

Srnal 1  Gas  T urblne,  X 

Turbocharger,  X 

Rotating  Assembly 

23 

2.0 

Housings 

12 

2.0 

CoitibUu.  Lii'i 

7 

Gearbox 

18 

- 

Controls  and  Accessories 

27 

- 

Assembly  and  Test 

13 

1.0 

Total 

10C 

5.0 
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factured  in  the  volume  and  at  the  percentage  of  cost  of  turbochargers,  the  price  of  the 
turbine  would  still  be  more  than  three  times  the  price  of  the  turbocharger.  Presently,  th> 
small  gas  turbine  costs  20  times  more  than  the  turbochargers. 

Using  the  monorotor  and  monostator  configuration  (Figure  13  and  Reference  6)  is  one 
possible  way  of  reducing  powerhead  costs  up  to  15  percent. 

High  rotational  speeds  of  small  gas  turbines,  60,000  to  100,000  rpm,  result  In  expensive 
high  speed  reduction  gearboxes  with  precision  ground  gears  to  obtain  output  power  at  speeds 
compatible  with  existing  driven  equipment  generators,  engines,  converters,  hydraulic  pumps, 
and  accessories.  Engine  accessories  do  not  scale  In  cost  or  weight.  Theoretically,  the  small 
gas  turbine  should  score  a  weight  advantage  according  to  the  square  cube  law  of  power  ratio. 
Specialized  accessories  are  not  always  available  and  manufacturing  constraints  prevent  direct 
scaling.  The  net  result  Is  that  small  APU  weight  deviates  substantially  from  the  square  cube 
relationship  (Figure  5). 

The  increasing  demand  for  built-in  test  equipment  for  engine  health  monitoring,  and 
closed  loop  acceleration  fuel  scheduling  is  spearheading  the  advent  of  full  authority  elec¬ 
tronic  digital  control,  even  in  small,  low  cost  APUs.  As  a  result,  the  control  system  and 
accessories  may  constitute  the  major  portion  of  the  acquisition  cost.  The  opposite  approach 
Is  to  provide  an  APU  which  has  t.o  be  removed  from  the  installation  and  returned  to  the  manu¬ 
facturer  for  failure  determination. 

LCC  comparisons  between  existing  and  advanced  fuel  efficient  APUs  for  typical  airline 
service  Indicate  the  Importance  of  fuel  costs.  Maintenance  and  overhaul  costs  are  dependent 
upon  engine  complexity  and  labor  rates  which  are  Indirectly  linked  to  fuel  costs.  More  so¬ 
phisticated  fuel  efficient.  APUs  must  be  as  reliable  as  their  simpler  counterparts  In  order-to 
provide  lower  LCC.  Emphasis  towards  design  to  cost,  with  early  and  extensive  reliability  and 
maintenance  testing  of  advanced  APUs  Is  then  mandatory,  along  with  the  requisite  development 
expenditures . 


CONCLUSION 

The  small  single-shaft  radial  gas  turbine  APU  was  first  Introduced  Into  aircraft  service 
in  the  early  1950s.  Since  that  advent,  extensive  design  and  operating  experience  has  permit¬ 
ted  refinement  and  optimization  of  the  same  basic  features  to  higher  levels  of  performance  and 


Figure  13.  Monorotor  and  Monostator  of  Titan  Gas  Turbine 
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reliability.  A  direct  example  af  this  I?  the  continued  development  of  Solar's  Titan  T-62  APU 
product  line  (Figure  14).  The  initial  T-62T-2  model  was  rated  at  62  kW,  sea  level  (SL),  and 
15°C  conditions.  The  current  Titan  T-62T-45  model  shown  on  test  in  Figure  IS,  Is  row  rated  at 
280  kW  within  the  same  envelope  dimensions,  and  later  prototype  engines  will  be  developed  up 
to  370  kW.  During  this  development  period,  a  host  of  design  constraints  have  been  Identified 
and  categorized.  Dominant  in  hierarchy  are  cost,  rel i abl 1 1 ty/mal ntai nabl 1 1 ty ,  weight,  and 
volume.  The  bottom  line  Is  the  LCC  for  the  complete  aircraft  system  of  which  the  APU  is  only 
a  rnlnot  component. 

An  example  of  a  new  hypothetically  optimized  API)  design  Indicated  no  apparent  weight  Im¬ 
provement  through  the  use  of  higher  compressor  pressure  ratios.  On  the  contrary,  however,  up- 
rating  of  an  existing  APU  can  be  achieved  by  Increasing  speed  and  pressure  ratio. 

Centrifugal  compressor  and  radial  Inflow  turbtne  technlgues  have  come  a  long  way  since 
the  advent  of  the  Solar's  T-41  radial  gas  turbine  In  the  1950s.  Design  techniques  now  exist 
to  essentially  confirm  both  component  performance  and  life  prior  to  cutting  any  metal.  The 
progress  of  technology  In  the  last  two  decades  has  reduced  potential  performance  Improvements 
and  the  rate  of  return  on  research  and  development  Investment.  Performance  limitations  for 
centrifugal  compressor  Impellers  are  discussed  In  Reference  7  where  It  Is  reasoned  that  the 
Inherent  friction  limit  Is  being  approached  for  large  high  performance  compressors. 

Small  radial  turbomachlnery  Is  more  restrained  by  mechanical  and  manufacturing  limita¬ 
tions;  thus,  significant  improvements  are  possible.  Emphasis  upon  improving  the  Investment 
casting  technology  for  thinner  blades  with  better  surface  finish,  plus  thermal  and  dynamic 
compatibility  of  the  stationary  shrouds  and  rotors  Is  likely  to  produce  higher  performance 
levels. 

Performance  Improvements  not  only  stem  from  Increased  component  efficiency  levels  but 
also  from  Increased  component  operating  ranges,  either  by  decreasing  incidence  and  diffusion 
effects  on  both  compressors  and  turbines,  or  by  utilization  of  variable  (low  leakage)  geometry 
stators.  Increased  efficiency  of  the  compressor  operating  range  Is  particularly  Important  for 
small  radial  gas  turbines  with  integral  bleed  and  shaft  power  output.  Compressor  range  can  be 
Increased  by  designing  blade  tip  sweepback  anglps  o‘  50  degrees.  Higher  blade  stresses  are 
consequently  incurred  and  better  materials  must  be  sought  for  the  task. 


Model 

Year 

Pressure  Ratio 

Airflow  kg/s 

T.1 .  1 .  ,  K 

kW 

1. 

T-62T-2 

1958 

3.5 

CU>4 

1087 

62 

2. 

T-62T-27 

1964 

1.1 

i  "U 

1142 

112 

i. 

1-621-40-8 

1975 

4.1 

1  22 

1254 

186 

4. 

T-621-40  L/C 

1979 

4.4 

1  32 

l?ft2 

215 

5. 

T-6?r-32A 

197f- 

5.4 

n,  n 

1254 

1.12 

c. 

f-62T-45 

198 

4.7 

1.82 

1282 

280 

7. 

F-62T-45  Monorotor 

1986 

5.1) 

?.  04 

136/ 

370 

Engine  0/D  Cnnstant  ~  120  mm 
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Figure  15.  T62T-45  Test  Installation 


As  discussed  previously,  maximum  T.I.T.  for  simple,  externally  cooled  radial  turbine 
rotors  bracket  the  1350  K  mark.  Several  government  sponsored  programs  (References  4  and  8) 
are  currently  being  directed  towards  Increasing  T.I.T.  up  to  and  beyond  1500  K,  both  with 
sophisticated.  Internally  cooled,  metallic  and  ceramic,  radial  Inflow  rotors.  This  cooled 
radial  turbine  technology  could  provide  higher  engine  specific  power,  If  the  manufacturing 
costs  are  not  prohibitive. 

Continuous  duty  APUs  have  not  been  fully  addressed  Iri  this  discussion,  but  It  Is  obvious 
that  Increased  fuel  costs  will  eventually  demand  higher  APU  compressor  pressure  ratios  to  Im¬ 
prove  fuel  consumption.  Acquisition  costs  of  fuel  efficient  APUs  will  consequently  Increase, 
and  adaptations  of  proven  medium-size  turboprop  and  turboshaft  engines  for  APlis  will  and  are 
beginning  to  enter  the  marketplace. 

In  concert  with  the  Increase  In  fuel  efficient  APUs,  there  will  be  an  Improvement  In  the 
efficiency  of  secondary  power  absorption  systems  and  energy  conservation.  Air  conditioning 
requirements  for  older  commercial  aircraft  were  on  the  order  of  P.5  kg/m  per  passenger.  This 
could  be  reduced  by  30  pe;  ent  for  tulure  aircraft,  which  would  decrease  APU  size  requirements. 

Finally  It  Is  suggested  that  the  most  profitable  development  avenues  for  higher  specific 
power,  lower  weight.  Intermittent  duty,  single-shaft  radial  gas  turbine  APUs  with  low  LCC  are 
those  focusing  upon: 

■  Higher  specific  speed,  single-stage  radial  compressors  and  turbines. 

■  Higher  temperature  capability,  l"wer  rnst  hot  end  materials,  such  as  Ceramics. 

•  High  heat  release  combustors  wi  ll  wider  altitude  start  and  operating  envelop- 

•  Manufacturing  techniques  to  produce  near  net-shaped  components  which  will 
minimize  machinery  cost-  and  save  critical  materials. 

•  Computerized  design  techniques  to  minimize  development  risk  and  time, 
integrating  many  of  the  design  constraints  dismissed  herein. 
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DISCUSSIONS 


R.Smith,  US 

( 1 )  What  is  the  tip  speed  of  the  fuel  slingcr  driven  by  the  electric  motor? 

(2)  Do  you  run  high  tip  speeds  at  low  rpm  and  during  starting? 

Author’s  Reply 

(1 )  The  fuel  slinger  electric  motor  operates  at  a  constant  speed  of  10  000  rpm. 

(2)  Tip  speed  is  of  the  order  of  25  m/s. 


S.S.Sleeco,  It 

According  to  your  fig. 5,  influence  of  power  on  cost,  weight  and  volume,  it  looks  that  over  300  KW  of  power  the 
ratio  between  power  and  weight  first  slows  down  and  then  decreases.  Is  this  correct  or  is  it  a  “drawing  effect”? 
And  if  it  is  correct  how  do  you  explain  it?  It  seems  to  me  that  this  ratio  should  have  roughly  asymptotic 
behaviour. 

Author’s  Reply 

The  effect  is  correct  due  to  the  square  cube  relationship  of  power  and  weight  in  terms  of  engine  dimensions 
(size). 


K.Mose,  Gc 

Not  knowing  the  APtJVs  application  to  the  aircraft  typos,  did  TURBOMACH  ever  have  problems  relative  to  Al'U 
system  weight  restrictions  as  asked  for  by  the  aircraft  manufacturers? 

Author’s  Reply 

Most  APIJ-,  engine-  and  aircraf  t  manufacturers  have  experienced  weight  problems  at  one  time  or  another.  Our 
experiences  with  APUs  for  large  commercial  aircraft  is  limited  but  nevertheless  we  have  been  confronted  with 
excessive  weight.  The  difficulty  mainly  arises  from  the  inability  of  accurately  predicting  complete  installation 
weights,  sizing  of  the  cooling  system,  noise  silencing  material  etc. 


A.L.Romaniii,  US 

What  material,  overall  length  and  diameters  of  monorotoits)  have  been  successfully  tested?  What  is  the  most  critical 
I  (T ‘-problem  by  analysis  or  test? 

Author's  Reply 

Monorotors  of  Ifi5  mm  and  1 14  nun  have  been  successfully  tested  made  from  l/DIMKT  7t)()  and  hipped  !N  792. 
More  specific  details  can  be  found  in  ASME  78-WA/GT-2. 
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1 .  Introduction 


Early  in  the  sixties,  while  the  jets  we  operate  today  were  still  an  the  drawing  board*,  it 
was  apparent  that  an  efficient  and  rapid  ground  handling  could  not  be  obtained  when  following 
the  practice*  common  at  that  time.  The  demand*  on  ground  support  became  larger  than  could  be 
handled  by  most  of  the  existing  facilities  necessitating  modification  or,  as  in  most  instances, 
procurement  of  entirely  new  equipment. 

Therefore  ond  for  many  other  reason*  the  airlines  whole-heartedly  welcomed  the  introduction 
of  the  auxiliary  power  unit  (APU),  which  provides  pneumatic  and  electrical  power  on  the  ground 
for  operation  of  the  airconditi  ing  and  electrical  systems  and  for  starting  the  main  engines. 

Operation  and  control  ore  fully  automatic  after  start  initiation,  making  a  bettor  use  of  the 
manpower  available. 

Since  the  airplane's  air  packs  are  run,  the  APU  can  provide  a  cooler  aircraft  at  boarding  time 
on  hot  duyt  than  ground  equipment.  Moreover,  individual  temperature  control  of  the  cabin  sec¬ 
tions  i*  possible. 


The  APU  reduces  dependants  on  ground  equipment  availability  and  reliability,  thus  enhancing 
on-time  performance.  It  reduces  the  quantity  of  required  ramp  equipment,  thus  reducing  ramp 
congestion  and  consequently  turn-around  time. 

Trouble  correction  on  aircraft  on  the  ramp  can  bo  performed  without  the  necessity  to  move 
mobile  units  into  position,  which  also  means  time  saving. 

It  is  interesting  to  note  that  many  systems  operate  on  air  pressure  us  well  as  electricity 
each  requiring  a  mobile  unit  to  be  moved. 

Even  a  water  system  may  fall  in  thi*  category. 

On  some  airplanes,  for  instance  the  DCV  and  the  DC10,  availability  of  tho  APU  may  be  used  to 
replace  a  failing  engine  generator  during  specific  flight  phases. 

Flight  flexibility  and  last  but  not  least  safety  can  bo  badly  hampered  by  loosing  n  generator. 

For  these  und  not  yet  envisioned  reasons  the  APU  wa*  gladly  accepted  by  the  airline  a*  a 
standard  installation  of  every  airplane  to  come. 

The  disadvantage  of  constantly  carrying  the  weight  and  the  casts  at  that  time  for  maintenance 
and  fuel  did  not  cause  special  concern. 

2.  Configurations 

At  this  point  it  seams  appropriate  to  mention  some  salient  data  of  the  APU' a  as  use  them  on 
our  aircraft. 

Our  first  APU  wns  on  the  DC9.  This  i*  built  as  a  single  shaft  engine  with  a  2-*toge  centrifugal 
type  compressor  driven  by  a  radial  inward-flow  turbine.  It  develops  dO  *haft  horsepower  and 
90  ll-s  of  air  per  minute  with  a  pressure  of  47  psi. 


The  7 47  APU  contains  □  4  stage  compressor  dxiven  by  a  2-stage  turbine  both  axial.  The  unit 
dr j vos  2  generator*  each  90  KVA;  it  develops  300  shaft  horsepower  and  50Q  lb*  of  air  per  minute 
on  a  standard  day. 

Ihe  entire  installation,  thot  is  the  engine  proper,  the  associate  ducting,  wiring,  monitoring 
hardware  etc.  weigh*  BVU  kg. 

The  DC  10  "nit  con '  F  ti  3  stjye  uviul  corsprua^or  driven  hy  u  7  sD'ye  I  orbin':  and  u 

compress'  driven  by  a  ;>no  itage  turbine.  It  move*  one  90  KVA  generator.  This  installation 
wvryhs  kg.  file  uni  i  o«  live  is  142  bhuii  b.p.  unu  uou  lu/min  -o»  oil. 

In  both  74/  and  DC10  installation*  the  cir  pressure  supplied  is  40-42  psi. 
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The  latest  APU  in  our  fleet  is  the  one  for  the  A310.  This  APU  is  the  first  in  our  fleet  with 
o  nodular  construction  and  consists  of  a  power  section,  □  load  compressor  and  o  gearbox,  all 
mounted  on  u  single  shaft. 

The  power  section  consists  of  a  two  stage  centrifugal  compressor,  a  reverse  flow  anular  combus¬ 
tor  and  a  3  stage  axial  turbine.  The  single  stage  centrifugal  load  compressor  is  driven  directly 
by  the  power  section  and  delivers  the  bleed-air  to  the  aircraft  system.  The  gearbox  attached 
to  the  load  compressor,  drives  the  generator  ond  other  accessories. 

It  delivers  135  shaft  h.p.,  250  Ibs/min  air  with  43  psi  air  pressure. 

3.  Reliability  ond  availability 


The  APU  is  not  on  airworthiness  requirement,  so  it  is  an  airline's  choice  how  to  use  the  APU 
most  economically .  Aspects  such  os  passenger  comfort,  on-time  departures  and  turn-around  times 
as  well  as  possible  alternatives  ploy  a  role  in  the  evaluation  against  costs  and  effort  to  keep 
the  APU  in  operation. 

Based  on  the  oirworthiness  cri+erium  KLM  used  to  classify  the  APU  r*-.  a  so-called  go-item  or  at 
most  a  consult-item,  which  meant  that  a  defective  unit  was  not  considered  prohibit.'  ve  for 
departure  except  for  special  circumstances  like  doubtful  ground  equipment  or  extras*  weather 
conditions  ut  next  station,  not  to  forget  the  selection  of  alternate  air^ 

We  also  have  sufficient  examples  where  airplanes  had  to  be  swopped  in  order  t,i  ascertain  a 
punctual  fliobt  schedule. 

In  a  cos*  where  such  an  interchange  is  impossible,  dispotch  with  a  fly-away  unit  is  the  only 
alternative.  As  a  matter  of  fact  not  o  very  attractive  method,  considering  the  weight  of  300  kg. 
and  the  dimensions  that  toko  a  considerable  cargo  hold  splice.  The  unit  it  kept  os  simple  os 
possible  and  is  only  meant  to  start  an  aircraft  engine.  No  elect ricol  power  supply  or  aircondi¬ 
tioning  is  provided. 

However,  thi  APU  reliability  or  rather  availability  ie  influenced  by  its  status  of  being  a  go 
or  o  no-go  item.  We  experienced  too  mony  crew  and  passenger  complaints  due  to  low  comfort. 

Consequently  we  now  consider  an  APU  as  a  no-go  item  from  home  base. 

A  special  APU  workteam  has  been  instituted,  consisting  of  maintenance  and  engineering  specialists 
to  overcome  the  low  ovailability .  They  monitor  the  individual  APU  condition  on  each  aircraft 
closely,  investigate  chronic  or  trend  problems  in  consult  also  with  workshop  and  operational 
specialists  and  try  to  define  possible  solutions. 

The  actual  reliability  figures  ore  roughly  for  the  DC10  HTBF  350L/HTBUK  1600  (APU)hrs  und  for 
the  B747  MTBF  5100/HTBUK  2450  (APU)  his. 

Some  typical  problem  areas  we  experienced,  ore 

1.  compressor  damage 

2.  compressor  deterioration 

3.  incorrect  troubleshooting 

In  the  spring  of  1901  we  experienced  o  rather  bad  record  of  unscheduled  removals  for  the  DC10. 
Investigation  .evealed  that  deleterious  matter  enters  the  APU-nir  intake  and  settlee  in  the 
multi pie- Lent,  long  ducting  and  fouls  the  compressor  blades,  thus  causina  a  arodual  decrease  of 
performance. 

The  improvement  uj  achieved  in  the  eummei  ten sun  was  attributable  to  the  action,  that  the  ducting 
i'  reaoved  after  every  1 000  flying  hours  and  thoroughly  cleaned.  Also  o  per tc rma nee- trend  curve 
Is  maintained,  using  parameters  such  as  Nl ,  N2,  EOT  and  duct  pressure,  taken  after  every  flight. 
By  accomplishment  of  the  rice-huil  cleaning  procez.  tho  APU  performance  is  improved  if  n*«J 
requires . 

As  con  be  seen  froi*  the  KT8F/HTB15J  figures  something  is  failing  in  the  troubleshooting  or  cor¬ 
rective  action  implementation.  I  mentioned  already  avi  APU  workteom. 

Forth*  we  emphasized  the  use  of  testequipment  and  in  particular  the  FIM  (Fault  Isolation  Module) 
This  is  an  electronic  box  connected  to  th-  uontrei  0ox  of  the  APU,  which  contains  circuits  to 
monitor  the  prjtective  shutdown  functions  of  th»  APU.  When  an  lutomatic  shutdown  occur*  the  FIH 
will  display  c  number  jr  lettei,  which  yiotection  was  activated. 


4.  Maintenance  ond  wight  coiti 


For  our  fleet  of  16  Boeings  747  and  6  DClO's  *  yearly  expenditure  for  Mointenonce  ie 

USD  750.000  bated  on  an  expense  of  approx.  USD  11  per  flying  hour  being  about  equal  or 

ilightly  lower  than  figure*  of  other  major  airlines. 

In  addition  we  hove  to  take  into  account  approximately  USD  125.000  to  carry  the  weight  of 

thete  initollations  as  well  at  the  extra  fuel  that  has  to  be  lifted. 

5.  Fuel  costs 


The  costs  of  o  three  quarter  of  a  million  dollars  for  maintenance  as  Mentioned  before  is  sur¬ 
mountable,  but  the  situation  have  changed  dramatically  since  the  fuel  prices  started  to 
escalate. 

The  747  APU  gorge*  600  liters  of  fusl  per  hour  under  normal  load  conditions  e.g.  when  supplying 
power  for  electricity  and  air  for  the  airplanes  pnsumatic  syitemi  and  airconditioning.  This 
consumption  will  be  a  little  less  of  course  when  extracting  either  electrical  power  or  air.  The 
figures  are  then  425  and  550  1/hr  respectively. 

The  DC10  APU  is  comparatively  modest  with  300  1.  for  normal  lood,  140  1.  for  electrical  power 
and  230  1.  for  air  supply. 

The  A310  APU  needs  approximately  200  1.  per  hour  to  supply  its  air  and  shaft  horsepower. 

Recently,  based  on  a  fuel  price  of  USD  1,20  per  USG  KLM  has  to  spend  8  million  dollars  per 
year  to  keep  these  precious  machines  going  in  the  747*s  and  DClO't.  The  costs  for  our  28  DC9's 
and  yet  two  Airbustes  does  not  leave  much  to  be  imagined  anymore. 

6.  Fuelsoving  measures 

It  stands  to  reason  that  those  exorbitant  expenses  have  set  the  airlines  about  studying  ways  to 
decrees#  thin  consumption. 

Even  the  •'emovol  of  the  APU  all  together  is  contemplatsd. 

The  various  airline-studies  that  were  recently  brought  forward,  clearly  indicate  that  this  matter 
is  complicated  as  could  be  expected.  The  problems  ore  manifold  ond  different  for  every  single 
airline  and  for  every  airport. 

There  are  factors  such  as: 

-  the  availability  and  capabilities  of  the  necessary  groundequipment  of  a  company  along 
it*  network; 

-  the  climatological  circumstances  where  hot  and  cold  temper  >rei  require  reliable  ond 
powerfull  units. 

Until  today  we  do  not  know  of  any  airline  that  has  decided  to  remove  the  APU.  To  the  best  of 
our  knowl  edge  only  one  airline  has  proposed  to  commence  a  test  on  a  limited  scale  with  some 
freighter  aircraft  that  remtilr  close-to-bose. 

Since  it  is  extensively  cheaper  to  run  groundequipment  rather  than  the  APU,  airline  instructions 
are  issued  that  primarily  aim  at  a  drastic  limitation  of  APU  employment  and  use  of  the  ground 
support  instead,  even  though  the  capabilities  are  at  timss  insufficient  to  provide  the  re¬ 
quired  comfort.  Again  the  inconvenience  of  apron  clutter,  noise  ond  pollution  associated  with 
svltipls  pieces  of  ground  •oppuit  equipment  nos  to  be  accepted. 

These  inc  ipabilities  will  not  only  be  manifest  under  extreme  conditions.  As  o  matter  of  fact, 
stations  in  the  Far, Middle  and  Near  East  as  well  os  in  Africa  end  South,  Middle  and  Southern 
part  of  North-America  are  often  t>'f  warm  and  in  Northern  USA  too  cold  to  handle  with  even  the 
maximum  possible  number  of  Airco  units.  Only  Europe  is  considered  moderate  in  our  network! 

In  many  transit  stations  passengers  remain  on-board  requiring  full  airconditioning. 

Dependent  on  circumstances  such  as  directives  by  airport  authorities  and  the  preference  to 
certain  procedures  of  the  airlines  a  variety  of  departure  and  arrival  procedures  has  been  noti¬ 
ced, 

-  Power-back  instead  of  push-back  From  the  boarding  gate  is  done  by  some  airlines  in  the  U.S.A. 
This  is  carried  out  on  reverse  power  of  the  main  sngines.  It  is  claimed  that  this  procedure 
offers  a  more  raprd  depariure  than  push-back,  that  less  ground  personnel,  ground  equipment 

is  required  and  thus  the  entiro  operation  will  be  cheaper. 

-  Other  companies  like  KLM  use  the  push-back  method  and  start  the  engines  while  being  moved 
backwards.  Time  between  off-blucki  and  roll-out  is  shorter.  Shorter  usage  of  APU  ond  engines 
is  claimed. 
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-  Regardless  of  the  selected  method  some  operators  taxy  out  with  one  or  two  ei.gines  still  dead. 
These  ore  started  shortly  before  reaching  the  take-off  position. 

-  In  many  coses  the  APU  is  started  about  8  to  10  minutes  before  departure  with  the  sole  reason 
to  assist  engine  starting. 

-  The  APU  is  on  while  taxiing  to  the  gate  after  landing,  except  at  turn-t  ound  stations  where 
ground  power  is  used. 

On  behalf  of  passenger  comfort  and  in  order  to  meet  our  scheduled  tight  transit-stoptimee  we 
run  the  APU  during  the  stay-over  unless  the  airport  rules  prohibit  such  o  procedure.  Parti¬ 
cularly  airports  close  to  a  dense  population  have  very  stringent  rules.  Since  the  APU  is 
sitting  high  above  the  ground  (3-9  meter)  its  noise  is  carried  out  over  a  considerable 
distance.  While  incessantly  running  at  approx  40.000  rpm  it  can  become  quite  a  nuisance. 

-  Sometime-,  the  aircraft  is  towed-in  to  the  gate  after  arrival.  APU  has  to  be  switched  on  if 
the  tractor  does  not  carry  a  ground  power  unit. 

However  afficient  these  und  other  procedures  may  be,  the  exorbitant  fuel  costs  Hove  urged  the 
industry  to  search  far  cheaper  techniques  for  airplane  groundhandling.  The  most  economical  way 
to  meet  that  requirement  will  be  a  fixed  ground-installation,  which  can  operate  on  diesel  fuel 
or  on  purchased  municipal  electrical  power. 


Such  a  centralized  system  feeds  every  boarding  gate  with  electrical  power  and  air  for  the 
airplane’s  airconditioning  system  and  for  engine  storting.  If  clisntological  circumstances  per¬ 
mit  it  is  possible  to  provide  electrical  power  only,  leaving  the  air  supply  to  mobile  equipment 
if  needed.  The  facility  to  start  engine*  makes  the  installation  complicated  and  expensive. 

Estimates  indicate  that  the  costs  of  on  all-in  system  per  hour  will  be  about  one  fifth  of  the 
APU  and  about  equal  or  o  little  less  for  the  mobile  units  providing  the  same  services. 
Consequential  to  these  savings  the  building  of  fixed  systems  was  started  a  couple  of  yearn  ago. 
More  than  100  airports  in  the  U.S.A.  provide  this  service  already  but  also  in  other  countries 
we  will  find  these  facilities  either  available  or  under  construction. 

7.  APU  or  not? 

r /Knowing  that  the  APU  is  the  most  expensive  support  device,  the  temptation  is  strong  to  entirely 
remove  it  from  *fchi?  commercial  transports.  rl  h-r’t  .*t  f  W  C*,  '  MZ->  -  O  r  m  ode 

Even  though  it  may  be  repetitive  ,  a  couple  of  adverse  consequences  ore  summarized  such  as: 

-  loss  of  the  APU  puts  the  burden  on  the  ground  equipment,  of  which  the  maintenance  at  the 
Tine  stations (leaves  [sometimes}  much  to  bo  desired; 

-  fpr  some  stations  the  removal  of  the  APU  could  require  a  sizeable  investment  of  ground  support 
equipment; 

j-  lass  of  the  ability  ta  start  engines  during  or  after  push-back; 

J^ncreased  engine  operating  time  at  the  gate; 

engines  have  to  be  kept  running  after  arrival  until  ground  equipment  is  hooked  up;  <>  ^ 

-  last  but  nut  least  risk  of  deficient  comfort  for  passengers  at  certain  stations  in  hot 

or  cold  weather.  •* ..  ~  ' 

It  is  our  firm  opiniari^that  KLH  cannot  permit  the  removal  of  the  APU  since  this  is  the  only 
device  that  provides  prompt  and  reliable  service,  independent  of  other  foci litres, ^5;nce  KI.M 
has  a  route  network  to  every  corner  of  the  world  we  will  hove  to  live  with  these  little  giants 
for  many  years  to  come.  \ 
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APU  configurations 


SOME  T ETHNICAL  OATA  OF  OUR  APU’S. 


SOMETIMES  DISPATCH  WITH  A  FLYAWAY  UNIT  15  THE 
ONLY  ALTERNATIVE . 


I 


typical  problems  : 

■  compressor  damage 

■  ”  ”  deterioration 

■  Incorrect  trouble  shooting 


WE  NOW  CONSIDER  AN  APU  AS  A  NO-GO  ITEM  I  ROM  SOME  1YPICAI  PROBLEM  AREAS  WE  f  XPERIENCED. 

HOME  BASE  IU  ALMOST  ALL  ROUTES  EXCEPT  NORTH- 
AMT  RICA  IN  SUU1ERTIME. 


IN  THE  SPRINT.  OF  19B1  Wi;  FXPLRIINI'IO  A  RATl'tH 
BAD  RECORD  01  UNSCHtWJLFD  REMOVALS  FOR  THE.  DC10. 


INVEST  IGA1I0N  RLVLAllD  I  HAT  DLLL  tLlilUUS  MAI  I 
LNTER5  THE  APU-AIR  INIAKE  AND  5ETTLES  IN  THE 
MIHTIPir  BENT,  I  ONC,  DUCTING. 
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APU  costs 
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FOR  COMPRESSOR  Ut ICRIORAIION  A  PLRI'ORMAICF. -  MAINE!  NANCE.  AND  WEIGHT  COSI5,  STILL  SURMOUNTABLE. 

TREND  CURVE.  15  MAINTAINS. 


APU  fuel  consumption 
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$ 
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300 
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THI  SITUATION  HAS  L'HANGt \)  DRAMA1  THAI  I  Y  S1NCI 

IMF  run  prices  siakiid  id  fscaiati. 


fuel  saving  measures : 

■  power-back  instead  of  pushback 

■  engine  start  during  pushback 

■  taxi  out  with  dead  enginejs] 

■  limited  use  of  APU  < 

■  shutdown  during  tow /taxi -in 

■  engine  start  only 

A  VAHII  IY  UE  DIE’ARTURt  AND  ARHIVAl  f’HlH’f-DUNI' 
HAS  Ht’FN  NOTirFD- 


APU  removal 


iiie  mmiVAi  ui  mi  apij,  a  pompi  tcatid  maiier, 

DIE  I  l  RENE  I  UH  I  VERY  SINCE »  A1RI  INI  AND  AIRPORT. 


IMF  KIM  P(H  ICY  IS  AS  FJLEOUS:  THE  Al’IJ  IS  NUl  RUNNING 
WHILt  TAXUNG  IO  THE  liATE  Al  SET  AND  EURN-ARUJU) 

SEAT  IONS,  UHFRI  GROUND  POWt  R  IS  USLD.  AT  DC  PARTUHI 
APU  Wl.L  EiL  SIAM  IT  0  DEPENDING  WFA1HFR  CQNOniON'.  Al 
IKANSIT-SrOPlIMFS  Wl  RUN  THE  APU  UNLFSS  1  HI  AIRPOHI 
RUMS  PROHIBIT  SUrH  A  I’ROCE  iXIHE  . 


DISCUSSION 


E.H.Wame,  UK 

Do  you  feel  it  is  justified  to  taxi  out  without  all  engines  started  since  a  failure  to  start  at  the  main  runway  can  affect 
other  flight  operations. 

Author’s  Reply 

Failure  to  start  during  taxi-out  will  be  inconvenient  to  the  own  airline,  due  to  extra  delay  time  and  gives  extra 
congestion  of  taxiways. 

Starting  the  engines  at  the  main  runway  is  unacceptable  for  the  engines.  They  need  at  least  3  minutes  for  warming- 
up  before  T.O.  thrust  setting. 

So,  tuxi-out  with  one  or  more  engines  off,  only  makes  sense  with  long  taxi  times. 

KLM  will  start  all  engines  before  taxying  out. 


P.Vaquci,  Fr 

1  suppo.  .■  your  APU’s  are  “on  condition  V  What  do  you  expect  from  trend  monitoring? 

Author  s  Reply 

Yes,  our  APU*s  are  on  condition. 

Trend  monitoring  is  used  for  determining  the  health  of  the  APU.  If  the  trend  shows  a  deterioration,  timely 
maintenance  actions  (e  g  compressor  cleaning,  component- or  APU-changes)  will  he  initiated  to  preclude  en-ruutc 
breakdown  and/or  major  damage. 


C\ Rodgers,  US 

(1)  Arc  you  advocating  changing  the  APU  role  Irom  auxiliary  to  “emergency”  power  generating  lolc? 

(2)  If  i  he  APU  is  to  be  used  sparingly  would  you  recommend  future  APU’s  he  designed  for  higher  reliability  and 
lower  cost  or  still  for  improved  fuel  economy? 

Author’s  Reply 

( 1 )  We  do  not  consider  our  passengers’  comfort  an  emergency!  Like  already  mentioned  in  our  presentation,  the 
APU  will  be  necessary  as  long  as  adequate  ground  equipment  is  not  available  all  over  the  world.  Since  this  will 
bn  the  ease  in  the  foreseeable  future,  the  APU  must  be  able  Ur  fulfill  the  functions  like  they  do  today. 

(I!)  Although  the  use  of  the  APU  can  be  reduced  further  in  future,  fuel  will  still  account  for  some  million  dollars 
per  year.  In  commercial  airline  operation  passenger  comfort  and  punctual  flight  schedule  requires  high 
reliability  and  fuel  and  low-reliability  must  be  paid  lor  the  whole  aircraft  life.  For  this  reason  high  reliability 
arid  improved  furl  economy  will  both  have  the  highest  priority. 


AD  P002288 


6-1 


AUXILIARY  POWER  UNITS  FOR  WIDE-BODY  AIRCRAFT 

S.  RIAZUELO*  M.  CENIVAL+  M.  EGLEM* 

ABG  SEHCA.  408,  Avenue  dee  Ftats  Unis  -  31016  TOULOUSE  FRANCE 
+  TURBOMECA  -  Bordes  64320  BIZANOS  FRANCE 


1 ■  INTRODUCTION 


This  document  is  prepared  by  A  DYNE  pooling  of  common  economic  interests  (GIE) 
'1  rouping  Turbomeca  and  ABG/SEMCA  companies  for  design  and  manufacture  of  Auxiliary 
Cower  Units  (APU}. 

/  ^ 

The  auxiliary  power  uni ts  ;des igned  for  wide-body  aircraft  shall  closely  meet 
the  requirements  concerriing,,^OJC«  the  reduction  of  consumption, 

weight,  dimensions  and  maintenance  cost. 


Meeting  these  imperative  requirements  is  obtained  thanks  to  a  highly  detailed 
analysis  of  the  various  aircraft  power  requirements  and  utilization  of  a  load 
compressor  and  a  digital-type  regulation.  ^ 

Further  improvements  in  the  near  future  consist  intarfe  optimization  of  the  APU 
Characteristics  hy  using  a  free  turbine  generator  and  a  load  compressor  flow 
regulation  which  takes  the  variahle  air  requirements  of  the  aircraft  into  account. 

2.  DESCRIPTION  OF  EXISTING  AUXILIARY  TOWER  UNITS  TYPE  AST 

The  AST  auxiliary  power  units  are  designed  to  be  installed  on  wide-body 
military  and  civil  aircraft.  The  range  from  AST  600  to  AST  960  covers  a  power  range 
from  400  to  70 0  kilowatts. 

These  auxil  >ower  units  consist  of  modules  and  are  mainly  composed  of  the  following 

elements  : 

-  Power  section 

-  Accessory  gear  box 

-  Load  compressor 

-  Digital  electronic  regulation. 

This  modular  concept  an  well  as  the  complete  interchangeability  of  each  module  without 
adjustment  enable  maintenance  optimization. 

The  AST  family  which  comprises  power  generators  Astazou  III,  Astazou  XIV,  Astazou  XVI, 
Astazou  XX,  Arriel,  TM  333  and  TM  319  includes  two  types  of  architecture  in  order 
tn  meet  the  various  installation  requirements  : 

-  The  in-line  assembly  formed  by  the  gaa  turbine  engine,  the  load  compressor  and 
the  ncceuuory  gear  box 


m* 
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Figure  2 

-  The  assembly  formed  by  the  gas  turbine  engine,  the  offset  accessory  gear  bos 
and  the  load  compressor. 

I . 1  Power  section 

Derived  from  existing  engines  used  for  powering  helicopters,  the  gas  generator 
is  composed  of  : 

1  An  air  inlet. 

2  An  assembly  oi  one,  two  or  three  axial  comprensorn  in  accordance  with  the 
type  of  generator  in  use. 

3  A  centrifugal  compressor. 

4  An  annular  or  reverse  flow  caubustlon  chamber  fitted  with  a  centre  or 
lateral  injection  according  to  the  type  of  engine  In  use. 

5  An  assembly  of  three  axial  turbines. 

6  A  shielding  ensuring  the  turbine  stage  containment. 

Especially  for  the  AST  950  built  around  the  Astazou  XVI,  the  internal  generator 
layout  is  defined  by  the  following  section  view  : 


Axial  compressors  are  supported  by  two  bearings  7  end  8  and  centrifugal  compressor- 
turbine  assembly  bearings  R  and  9. 

The  containment  capabilities  of  all  the  generation  rotary  parts,  have  been  proved 
by  full  scale  testa. 

2 . 2  Load  compressor 

This  module  is  composed  of  an  advanced-technology  centrifugal  compressor  stage 
which  is  directly  driven  by  the  generator  shaft. 

It  Is  supported  by  two  ball  hearings. 

The  supply  airflow  includes  mobile  guide  vanes  which  control  the  compressor 
performance  while  ensuring  prerotation  at  the  impeller  inlet. 

The  position  of  these  vanes  ia  permanently  monitored  by  the  digital  regulation 
module.  At  constant  rotational  speed,  this  regulation  provides  a  quantity  of  air  in 
conformity  with  the  aircraft  requirement  in  order  to  minimize  the  power  consumption. 

Upon  the  APU  starting  phase,  the  vanes  are  closed  to  limit  the  power  draw  from  the 
generator. 


These  vanes  are  driven  by  a  proportional  control  actuator  as  well  ao  the  air 
d i.n charge  valve  connected  to  the  load  compressor  outlet  and  avoids  surge  during 
extreme  operating  phases. 

The  utilization  air  bleed  system  consists  of  a  device  measuring  tiie  delivered 
?ir  flow  and  pressure  >atio  tor  controlling  this  module.  A  shut-off  valve  isolates 
this  system  at  the  ait-  raft  system  • nterface. 
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Figure  4 

2 . 3  Ac r.r  nnnry  gea  r  box 

The  purpose  of  accessory  gear  box  is  to  transmit  the  power  available  at  the 
generator  to  the  various  connection  flanges  linked  to  the  various  accessories  used  for 
aircraft  and  APU  operation  ancillary  equipment. 

The  accensory  gear  box  consists  of  spur-gears  stages  lubricated  with  pressurized 
oil  and  delivers  power  to  the  following  equipment  : 

-  aircraft  ancillary  equipment 
.  Generator 

.  Hydraulic  pump,  if  required 

-  APU  ancillary  equipment 

.  Starter 
.  Fuel  pump 
.  Oil  pump 

■  Oil  nyntem  cooling  fan 

.  P.M.G. 


When  the  equipment  uses  an  offset  accessory  gearbox,  the  primary  reduction 
gearbox  is  installed  between  the  generator  and  the  driven  modules. 


Figure  5 
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2.4  Digital  electronic  control  module 

The  control  module,  which  can  be  divided  into  2  units  according  to  the  aircraft 
installation  requirements  ensures  two  main  functions  : 

1  The  microprocessor  regulation  function,  the  measurement  acquisition  and 
processing  and  the  power  controls. 

2  The  parameters  monitoring,  safeties  and  maintenance  aid.  A  second  microprocessor 
covers  digital  processing  for  these  functions  and  controls  the  failure 

store  BITE  system. 

The  data  relative  to  failures  and  their  monitoring  function  can  he  displayed 
on  the  control  module  front  panel  or  transmitted  to  the  aircraft  monitoring 
system  through  an  ARINC  429  type  connection. 

3.  CHOICES  FOR  THE  FUTURE 


3 . 1  Reduction  of  the  rated  power  by  a  detailed  analya i a  of  the  various  power 
requirements 

After  describing  a  modern  APU  such  as  that  proposed,  let  us  study  how  it 
can  be  improved  in  the  future. 

The  first  user'a  concern  is  the  gain  in  weight. 

It  is  worth  noting  that  the  weight  to  he  considered  includes  the  weight  of  the 
APU  itself  (power  generator,  accessory  drives,  load  compressor...),  of  the  driving 
accessories  (starter,  fuel  and  oil  pumps,  radiators,  fanB,  regulation...)  driven 
accessories  (hydraulic  pumps,  ac  and/or  dc  generators...),  of  the  fuel,  of  the  APU  casing. 

Consequently,  common  efforts  from  the  APU  supplier,  accessory  manufacturers 
and  <  ircraft  manufacturer  shall  result  in  weight  gain. 

For  information,  figure  6  indicates  the  weight  of  the  various  elements  in 

list. 


Obviously  fuel  weight  can  conMLderably  vary  according  to  the  type  of  operation. 
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Figure  6 


<»- 

The  1  in,t  solution  to  quin  weight  is  to  install  a  smaller  APU.  This  is  made 
possible  by  reducinq  the  power  demand  in  the  most  Critical  conf igurat ion. 

This  oft»'n  oco’.iru  with  uu  ./lee Ltical  suppiv  demand,  should  one  ot  the  main  power 
sources  fail  during  high  altitude  cruis-*.  Power  tving  can  he  quite  appreciable  since 
every  kw  saved  at  35,000  feet  permits  to  use  g  .  ator  supplying  1  kv  less  at  p«*ak  rate 

together  with  a  power  section  providing  3  kw  1<  on  ground  (air  density  ratio). 

Tliis  operation  also  enables  the  consumption  to  be  reduced  in  the  most  current 
operational  configuration,  at  low  altitude  and  at  a  nearly  standard  temperature  - 
operating  with  a  power  value  close  to  the  rated  power  results  in  specific  consumption 
saving. 

Let  us  tahi?  an  example,  with  a  single  shaft  turbine  gas  generator  operating  in 
these  conditions  30  %  below  its  rated  power.  If,  while  supplying  the  same  power,  the 
rated  power  in  red  iced  by  1  I,  the  specific  consumption  is  reduced  by  (1.-^  %  approximately. 
Thir  means  that.  lr  the  extreme  requirement  (which  in  used  rarely  durirg  the  aircraft 
service  life)  be  been  overestimated  by  10  4,  this  will  result  in  a  consumption  increase 
of  5  4  per  day  ot  utilization  on  ground. 

It  is  neverthe’ x?ss  recommended  to  be  careful,  since  the  power  consumption  of 
on  aircraft  generally  tends  to  increase  with  it3  evolution. 

£»;«c operational  c.*se  determining  the  APU  dimension  is  the  supply  of 
compressed  an  to  start  the  main  engines  in  "high  and  hot"  conditions,  tor  this  case, 
the  load  compressor  con  be  slightly  undersized,  withstanding  an  APU  overwpeed  when 
this  case  actually  occurs  :  in  th>-  operational  zone  of  a  compressor  used  at  this  moment, 
the  flow  increase  in  relation  to  ■  speed  is  significant  (approximately  a  7  \  flow 
increase  for  a  1  4  3peed  increase  to  make  this  system  efficient.  Once  again  care  must 
be  taken  where  new  dimensions  at«  inquired  for  certain  generator  parts  and  which  could 
result  m  a  frequency  im  Tease  of  the  current  supplied  by  a  simple  generator. 

This  me  > 3d  is  now  being  adopted  for  sone  APU. 

3.2  Utilization  of  a  true  turbine  auxiliary  power  unit 

The  power  generator  weight  and  consumption  can  simultaneously  be  reduce. I  by  using 
an  engine  featuring  Advanced  technology.  For  design  leadtimes  and  costs  reasons  and 
to  readily  obtain  a  high  reliability  and  a  long  service  life,  an  APU  is  often  derived  from 
an  existing  gas  turbine  engine. 

This  particular  case  raises  a  problem. 

Our  high  efficiency  modern  engines  (MAKILA,  TH  333,..,/  are  of  the  free 
turbine  type  whereas,  up  to  now,  single  shaft  turbine  engines  (ASTAZOU  family) 
were  in  use. 

Such  «  modification  is  beneficial  at  nearly  all  .evels  : 

-  Weight  :  Gain  in  weight  in  L he  power  section  due  to  its  advanced  concept 

(5  to  H)  t) 

(  onsun  tion  saving  ot  partial  power  due  to  th«-  utilization  or  a 
ft  turbine  (5  t  at  JU  4  of  rated  power,  at  equal  technology). 

Consumption  saving  at  all  speeds  due  to  advanced  concept  (10,  1 5  %  or 

mure ) . 

Ni  These  two  gains  are  added. 

-  Power  section  dimensions  slightly  reduced  (advanced  design). 

-  Operation  i  Start  inn  conditions  improved  since  during  this  phase,  the  accessory 

gearbox  and  ancillary  psu-nl  arc  not  driven.  This  results  in  a  reduction  of  service- 

time  and  a  qain  in  weight  on  the  et-rtcr . 

Nevertheless,  the  response  to  an  instantaneous  cenerator  loading  is  not  to  be 
disregarded.  With  a  single  shaft  turbine,  the  unit  rotates  at  constont  speed  and  the 
power  varies  only  in  a^-ordanc**  with  the  futl  How  variation.  With  a  perfect  regulation, 
the  speed  deviation  might  be  null  and  in  reality,  the  value  ecsily  remains  within 
flic  +  i  t  tolerance  requited  by  operators.  With  a  free  turbine,  the  power  varies  by 
increasing  the  gas  flow  through  turbine,  which  presently  implies  a  power  section 
r.ccelerat  Ion. 

Figure  7  aives  an  example  of  this  type  of  response. 

It  represent  .3  h  rbjiic  of  jn  'ldei  type  (TUHBOMECA  TUKMO  III  C.  i )  with  a 
rr.teri  power  of  1,000  kw  driving  a  300  kw  generator. 


! 

i 

i 


> 


6-8 


Figure  7 

The  best  acceleration  time  we  can  obtain  on  ground  with  this  type  of  engine  is 
3.5  ■  between  0  and  1,000  kw.  When  applying  a  load  of  400  to  S00  kw  to  the  a.c  generator 
instantaneously,  response  curves  1  and  2  are  obtained.  Theae  curves  respectively  show 
transitory  speed  drop"  of  the  generator  by  26  and  50  1. 

When  inproving  the  engine  with  currently  used  nethods  (reduction  of  the  rotary 
assenbly  inertial,  the  acceleration  tine  can  be  reduced  to  2.5  s  and  to  obtain  curves 
3  and  4  with  transitory  drops  by  22  and  17.5  %. 

If  nodern  current  gas  generators  can  withstand  such  inp.u  speed  variations  without 
any  excessive  additional  weight,  no  further  step  ts  being  required.  If  not,  it  will  be 
necessary  to  find  the  way  to  reduce  the  power  variation  t ime  significantly. 

The  relevant  studies  are  now  in  progress. 

The  power  generated  by  the  free  turbine  depends  on  the  gas  flow,  expansion  ratio 
and  blade  angle.  At  present,  the  first  two  parameters  are  nade  to  vary  while  varying  the 
speed  of  the  gas  generator  ;  the  third  paraneter  is  determined  by  the  distributor  geometry  - 

I L  i s  also  possible  to  aamlaln  the  ( tee  turbine  speed  constant  or  nearly  constant 
and  vary  the  air  flow  with  vanes  placed  in  front  of  the  compressor  and  the  blade  angle 
on  the  free  turbine  with  a  new  set  of  vanes. 

The  power  variation  is  then  obtained  by  sinult aneously  varying  the  setting  of  the 
two  vane  s?ts  a.*d  fuel  flow. 

Tht  first  tests  prove  test  tines  for  full  power  initiation  can  be  around  0.3  a. 

Such  a  reiult  applie  to  the  previous  example  gives  curves  >  and  6  with  transitory 

sp£Su  drop »  r5uu~vu  to  7  Jmu  lx  « , 

A.*  additional  advantage  is  that  fluctuations  of  full  power  initiation  tine 
decrease,  ■  ith  altitude. 

5 .  3  Installation  and  Maintenance  *  ;-^mvenent. 

A  significant,  improvement  of  the  pacific  consumption  can  be  obtained  by  using 
a  turbine  outlet/compressor  outlet  beat  exchanger,  but  with  the  present  technology, 
the  weight  and  dimensions  of  such  a  system  are  excessive. 

As  far  as  the  driven  eqi  .went  are  concerned,  significant  we  jains  are 

presently  obtained  :  the  weight  ct  recent  generators  is  less  than  h.-  hu  weight  of 

old  generators,  for  the  bm?  power  output. 

New  gains  will  he  obtained  by  increasing  the  speed  of  rotation. 
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Improvement*  can  al*o  t>*  brought  up  by  the  aircraft  manufacturer. 

For  example  if  it  facilitate*  i natal let  ion,  the  location  uaually  chosen  for  the 
APU  (in  the  fuselage  rear  cone)  is  certainly  not  quite  satisfactory  for  in-flight 
operation  s  tha  presaura  is  generally  higher  at  the  turbine  outlet  than  compressor 

inlet  which  is  in  a  thick  boundary  layer  with  a  ram  air  preaaure  recovery  null  or 
negative.  Moreover,  it  should  be  reminded  that  a  gain  of  1  I  on  the  inlet  pressure 
gives  a  gain  of  2  %  of  tha  maximum  power  and  a  gain  of  1  I  of  the  epecific  consumption. 

It  is  to  be  added  that  any  favorable  difference  in  presaur*  results  in  a  considarable 
cooling  improvament. 

Simpl i f icat iona  ara  already  in  progress.  The  control  panel  is  simple,  it  comprises 
an  on/off  control,  an  indicator  light  and  a  fault  light- 

-dditionai  data  can  be  displayed  on  one  cf  the  flight  compartsmnt  screens 
through  regulator  on  ctew  request. 

The  control  module  detects  and  analyses  f  tional  faults  (it  particularly 
monitors  ths  indications  provided  by  sach  measuri  j  sensor)  stored  for  maintenance 
purposes.  It  also  counts  down  th#  service  life  of  the  unit  components  Into  number 
of  cycles  and  operating  time,  elloted  with  a  temperature  coefficient  it’  necessary. 
Obviously,  this  method  can  be  Improved  but  Its  principle  is  establish  >d. 

Scheduled  maintenance  is  limited  to  a  check  of  the  oil  level  and  magnetic  plugs 
and,  if  required  by  the  user,  it  can  be  extended  to  oil  sampling  for  apectographic 
analysis • 

Tha  APU  is  modular  without  sxceaa  ;  it  comprises  three  modules  i  the  power  section 
the  accessory  gearbox  and  the  load  compressor. 

In  caae  of  utilisation  of  a  frae  turbine  generator,  this  ona  can  be  divided  in 
two  modules,  one  hot  and  the  other  cold.  Each  module  is  interchangeable  without 
adjustment  of  the  aeeembly. 

It  i*  neceseary  that  the  time  required  for  the  APU  removal  be  very  short 

(>  X)  an)  and  that  the  operations  csrrled  out  in-situ  be  limited  to  the  replacement  of  e 

measuring  sensor  or  of  s  smell  accessory,  for  a  major  action  like  replacement  of  • 

module.  It  Is  easier  end  quicker  to  perform  it  on  workbench. 

;.4  Optimisation  of  the  APU  air  bleed 

.'.4.1  Oeneral 


The  main  advantage  of  tha  load  compressor  mechanically  driven  by  the  povsr 
generator  unit  is  in  that  it  can  be  suited  to  ell  the  aircraft  requirements  thanks  to  the 
regulation  covered  by  the  air  intake  vane*. 

Another  advantage  la  the  poa«.  billty  for  the  load  compressor  regulation 
to  be  entirely  independent  of  the  aircraft - 

This  is  made  possible  by  a  good  integration  of  the  APU  into  the  aircraft 
an  accurate  knowledge  of  the  aircraft  actual  requirements  stored  In  the  electronic  car- 
trel  module. 

J.4.2  Util  last  Ion  system  (Airbleed)  see  fig.  8 

Ths  two  main  systems  using  pneumatic  power  in  the  aircraft  are  tha  main 
angina  start  inq  system  and  the  aiz-  conditioning  system. 

•  Starting  system 

The  main  engine  starting  system  consists  of  a  fixed  sonic  pert  through 
which  the  air  dellvsry  la  the  greatest  In  order  to  obtain  the  ehoiteet  possible 
angina  starting  phase.  Oenerally,  it  Is  then  considered  that  this  requirement 
determine*  ths  xszisus  capacity  of  the  load  compressor.  Tha  very  short  ‘uration  of  this 
phase  does  not  require  the  unit  consumption  optimisation. 

*  ***  conditioning  system 

Associated  with  the  digital  computers,  the  aircraft  air  condi t ionlng 
system  can  very  its  How  requirement  in  relation  to  the  thermal  lead  of  the  cabin 
or  flight  compartBMnt .  The  air  flow  suppl lad  to  the  air  conditioning  unlt(s)  la 
limited  by  an  adjustable  flow  regulation  valva  located  upstream  the  air  conditioning 
system.  This  valve  is  controlled  by  a  signal  released  by  sons  temperature  regulator*. 

Thus  it  cen  be  noted  that  the  eir  requirement  of  the  air  conditioning  unit (a) 
varies  In  flow  and  pressure  In  s  significant  way,  according  to  various  aircraft 
conf igurat ions . 


Ths  long  duration  of  this  phase  within  the  APU  operating  time  result*  in  the 
optimisation  of  the  air  supply  to  the  aircraft  with  minimum  losses  (the  flow  regulation 
valve  of  the  air  conditioning  unit  should  be  as  much  open  as  possible}  and  a  maximum 
cr  •pressor  efficiency. 

2.A. :  Load  cosqprsssor  chsrart eristics  -  Operating  points 

The  chsracteristlcs  of  the  vari  >le-vans  load  compressor  are  such  that  it  is 
possible  to  obtain  a  very  wide  operating  range  for  flow  as  wall  as  for  prsssurs,  without 
discharging  air  for  protection  of  the  compressor  impeller  against  surge. 

Diagram  in  figure  9  defines  the  possible  operating  range  within  the  unit 
temperature  range. 

This  diagram  also  shows  the  typical  pneumatic  bleed  points  on  aircraft.  It 
can  ’»«  noted  that  ths  air  requirement  for  starting  the  engines  is  much  higher  than  the 
air  conditioning  points  (except  cabin  heating  during  cold  weather). 

Air  bleed  points  for  air  conditioning  can  appreciably  vary  in  flow  ( from  70 
to  1:0  1  of  rated  flow)  and  pressure  (according  to  ou  elds  temperature). 

.'.4.4  Load  compressor  regulation 

With  this  type  of  regulation,  our  aim  is  that  unit  should  remain  entirely 
independent  of  aircraft  controls. 

The  purpose  of  the  pressure  ratio  and  flow  datection  system  consists  in  ds- 
tarmining  tho  position  of  ths  operating  point  of  the  coeipressor  within  ths  coaipressor 
diagram  at  any  time.  When  establishing  ons  of  the  parameters,  the  pressure  ia  regulated 
to  a  reference  value  and  the  compressor  outlet  flow  is  automatically  adapted  to  ths 
permeability  of  the  downstream  syeteis.  The  Inlet  vanes  are  controlled  by  the  regulation 
module  to  maintain  the  outlet  pressure  at  the  reference  value. 

In  the  air  conditioning  configuration,  this  type  of  regulation  has  been 
chosen  in  order  to  obeerve  at  any  moment  the  permeability  variations  of  the  downstream 
ayrtem  (position  of  the  flow  regulation  valve  of  the  air  conditioning  unit),  while 
maintaining  a  fixed  pressure  level. 

This  reference  pressure  level  can  vary  in  relation  to  the  data  received  by 
the  regulation  module  (external  pressure,  external  temperature  and  it  ie  then  possible  to 
optimise  the  sir  delivery  for  sir  conditioning  in  the  various  attitudes  of  ths  aircraft. 

In  ths  case  of  a  high  air  flow  requirement  (aircraft  hsatiig  or  main  angina 
start),  ths  permeability  of  the  system  downstream  of  the  compressor  ie  greater  than  when 
the  flow  regulation  valve  of  the  air  conditioning  system  is  open.  Above  a  certain 
compressor  outlet  flow,  a  reference  value  of  the  f low-preasure  is  ensured  at  its 
outlet  j  this  reference  value  is  such  thet  the  compressor  corresponds  to  a  higher 
permeability  of  the  downstream  system.  Consequently  ti  ompreesor  vanes  will  fully  open 
thus  allowing  for  rapid  heating  of  ths  cabin  or  optimum  starting  of  the  main  engines. 

Figure  10  represents  the  reference  operation  line  (for  a  given  altitude  and 
to.apereture )  that  the  load  compressor  regulation  will  follow  to  control  the  inlet  van** 
according  to  the  aircraft  syatam  requir  ssiente . 

‘.4.5  Machine  protections 

The  APU  control  module  comprises  two  control  systems  for  protection  purposes. 

#  Protection  against  the  load  cosprtsBor  surge 

In  case  of  aircraft  system  air  bleed  lower  than  the  cosq>raaso:  possit  . * - 
ties,  a  discharge  valve,  simultaneously  slaved  to  the  main  regulation  by  the  cos^ut* 
protects  the  oppressor  against  surge.  The  difference  between  the  required  flow  and  the 
poesible  minimum  compreeeor  flow  at  the  reference  prenure  only  ie  discharged. 

Figure  11  represents  such  a  functional  configuration.  The  actual  operatic 
nal  point  of  the  compressor  is  in  B  whereas  the  requireamnt  ie  in  A. 

*  Protection  against  the  thermal  engine  overload 

During  starting  phaaes  of  main  anginas  in  hot  weather  conditions  using 
t  h*»  rim*  y  fv**™  H’i»  A  PI  I  >jnnnr^«r,  i  t  nny  b«  jm  >«*«  i  b  1  *  that  t  b*»  ln»*  part*  rtf 

the  qas  turbine  enqirvs  be  in  thermal  overload  condition.  In  order  to  avoid  such  a 
problem,  the  computer  permanently  determines  the  thermal  load  value  and  cciparee  it  with 
the  limit  value  ensuring  ths  unit  service  life-  If  this  difference  becomes  positive,  a 
signal  is  sent  to  the  load  compressor  air  inlet  vanaa  to  close  by  a  value  such  that  thie 
difference  is  cancelled  or  becomes  negative  as  long  as  the  electrical  supply  from 
the  machine  io  not  rsducel. 
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(P)  :  CURVE  DETERMINING  DOWN  STREAM  SYSTEM  PERMEABILITY 


Figure  9 


(P1).(P2).  (P3>  :  DIFFERENT  AIR  CONDITIONING  SYSTEM  PERMEABILITIES 

(P4)  :  CHARACTERISTICS  OF  THE  MAIN  ENGINE  STARTER 

{P51  PERMEABILITY  OF  AIRCRAFT  HEATING  SYSTEM 

to.)  :  ANGLE  OF  LOAD  COMPRESSOR  INLET  VANES 


Figure  9  bi« 
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DISCUSSION 


C.Rodgers,  US 

How  rapidly  can  you  close  the  load  compressor  discharge  valve  without  causing  surge? 

Authors  Reply 

The  load  compressor  outlet  is  connected  with  two  valves  located  in  parallel  disposition:  a  bleed  valve  and  a 
discharge  valve.  The  discharge  valve  isnormally  closed  and  opens  only  when  the  bleed  valve  closes  or  if  the  bleed 
How  decreases  too  much.  In  these  cases,  the  APU  digital  control  opens  the  discharge  valve  befoi  the  bleed  valve 
will  be  completely  closed  or  before  the  compressor  wheel  goes  across* the  surge  line.  When  (he  i  charge  valve  closes, 
the  bleed  valve  has  begun  to  open  before,  I'his  operation  sequency  does  mu  allow  any  APU  surge  due  to  bleed  or 
discharge  valve  closing.  Minimum  surge  closing  time  is  3  seconds. 


a 
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SECONDARY  POWER  SUPPLIES 

V  FOR  A  SMALL  SMULE  KNOT  NED  COMBAT  AIRCRAFT 


a.  jon:« 

Senior  .'•.VBtefns  Engineer  -  Powerj^snt 
UriHnh  A"  rcr.paco  Public  Limited  Company 
Aircraft  Group 
KingHton-Brough  Division 
Brough 

North  Huinhernide 
Hill*?  1EQ 
England 


SUMMARY 

S  ^  Phi n  paper  deaciibee  a  poiniibl‘1  secondary  powur  supply  .lyntem  for  a 
nin'ill  Jsingl-*-eng  ined  combat  aircraft.  It  denoribeti  tin*  way  in  which 
reliability,  <;i|f'vivi»bil  i  ty  an)  jiiHlaliation  problemn  influence  the 
type  of  ay ntem  which  in  proponed  for  ouch  an  aircraft.  The  particular 
crwmtraijitn  imposed  by  the  une  of  a  Peganun  vectored  thrunt  engine  in 
a  Short  Tak  *  Off  Vertical  Landing  (STOVJ.)  aircraft  are  alno  dincuaued. 

The  proponed  ny.d.em  cunnintn  of  a  convaritioual  engine -driven  accemio^y 
gearbox  to  provide  hydraulic  and  electrical  power  in  flight.  A 
remotely  mounted  AMI  in  used  to  nlart  the  engine  by  m««nn  of  a 
{nif-umatir  link  fi'um  a  load  comp  mono  r.  The  APU  driven  h  separate 
r»  I  a.  id  by  hydraulic  pump  und  generator  for  ground  operation  and 
emergency  power  in  flight. 

Poimlbl*  a  roan  of  future  monarch  and  development  which  would  Lead  t.o 
improved  efficiency  mid  reduced  weight  nm  al.no  .1  inrihiricd.  , 


.1  NTHODUTTJON 

Ovr  Mr*  pant  few  yearn  Hr  if  iah  Aerortpar*  Brough  have  been  involved  in  project  ntildien  on  /several 
mrei  1 1  uingle  engined  cornbal  aircraft.  Son'1  of  them*  have  been  'conventional  *  aircraft  but  the  majority  or 
the  ntndien  have  h  *en  <jf  .'lircittfl  with  vectored  tlinmt  t.o  give  a  nliort  take  oTf  and  vertical  la  tiling 
cap-ib  >  I  i  ty.  Some  of  t.h  *  work  ha  i  been  done  in  collaboration  with  other  Bntieh  A"iu».p«o.  r.itrr  ru^h 
K  inr-.sl.o-i  alii  We*  ton. 

AJ  1  aircraft  denlgn.u  »inv«  to  b  ■  a  cumprum  inn  to  meet  thtr  conflicting  requ  i cement a  of  nurvivability, 
r.'l  uilillity  ’••lil  nvi  inln  inahil  ily.  In  addition,  there  in  a  need  to  minimine  weigh*  and  emit,  both  initial 
purchane  coni,  and  niibn»Mjn,»iit.  upemfiiig  route.  A  iiTiJVL  f  ightiw/atlark  ai  rtatt  i  obnhly  prenehtn  one  of 
tie*  moot  ni'vnrn  cli  <1  longer.  ill  all  llieim  i  *.jip»*«-|.r.  Jt  miir.f  no*  only  meet  f  per  l  <»im*ihre  rpi|imi*nii'ntri  te.it 
it  muni  ah  )  t*e  ru|w»ble  of  operating  from  dispersed  ni'ee  in  relatively  primitive  conditionn. 

PH  I NU1I  Ah  SYSl'tW  REgiU  HEM  JITS 

The  auii'iary  power  nyntnBi  muut  provide  hydraulic  power-,  electrical  power  and  bleed  air  to  th<>  air- 
frani-*  Mervieen,  both  in  f l  iglit  and  on  the  gr  mnd.  .1 1  mur.t  alno  be  mpd.le  of  ntart  ing  the  main  engine  and 
jt  necenaary  aru.irt.ing  it  to  relight,  in  flight. 

There  ban  been  a  steady  growth  in  the  fuv.e  of  auxiliary  power  requ  iremwiitn  ib  aircraft  have  ti«/”*i« 

. r»-  o-.iph  ini.icai  <ni.  Trie  dove  lojHUdit.  oT  more  manoeuvrable  .-•in.  raft  fitted  w.i  '  h  'fly  by  wire1  flight 

control  B.y :* 1  ftnin  ban  1 -*d  to  increaeed  temaudn  on  the  hydraulic  system.  The  required  flowrateu  have 

inrreaned  bei-«  me  of  t  ;i“  larger  number  or  aetU'i  turn  a  id  faster  rateo  or  mo/emeut  demanded  by  nuch  nyi'^emo. 
An  an  example,  the  |liire*n*or,  which  firnt  riev  ill  PISS  haa  an  inn  failed  hydraulic  nyotem  power  of  about 
l)'*KW  Broadly  idniil.1.:'  lii.  r.ift  >1  •i.-u*  M*i-.*jii  den  gti  bav«  typically  g'-1  ’•  -*■**! t  ivlrr  the  iimtajl.*d 
hyili  ..n  I  i  c  ay ii  tan.  power. 

Elect  riral  power  demisndn  have  alno  iiicn*«u«d  ai>  ai  •-craft  have  become  more  oophi nt icated  and  t  be 

, mount  of  ertnentisl  avionic  equ  i  p*"cnl  !»:»•  i  /*•  -  ■  iml.  I*  i ».  itil  ••ivrd  ing  lu  note  Dm)  with  "»•-'>  gene  rati  m 

of  «vi->nic  *M|i»i|i«teiit  great  clnimn  arc  mad**  for  lartbn  ed  jin  -r  d*‘nian-l'-  and  (illWtller  i.i -*:••<>.  However,  the 
rum  I  lev  nlr.r  of  equ  juxent  almor.t  invariah] »  lendn  to  mori  romivuienln  being  installed  in  the  available 
h  pice  no  overall  the  power*  d  cm.  i  ride  hove  inrreaaeil  rit**arlilv.  t« '  -  -  lr*-i;d  in  ill  unlra  li*d  <y  th*»  -level  oj®eii  t 
of  the  Harrier  family  of  aircraft.  Thin  Htvrtnd  life  wit  i  *  ^»ir  cjf  bKVA  n’  terTa’orn,  givsdiiat’al  In  a 
.•tingle  |, 'KVA  integi  •»’ r*d  drive  gr*n>rntf>r  (l|Ml)  and  i<«/  in  i  • »  I'nnl  form  n  ■  th«*  <*!<  *>  ban  t.w  1'  KVA  1  !<».- 

Tl„-  inf  i*(rn  t  y  Ilf  .'ertrii’M!  |  ,iv-»  -ur-j.l  !*-•:  mi:  »  i1-,,.  i»v!it  emii  mi'll  an  I  ly  by  wire 

ate  flight  critical  and  iiminil  toluate  int  er  i  upt  imiM  to  their  pov-i  HUopli-’n.  T»  i.;  quite  feasible  to 
fly  u  Buccaneer  fo«*  eve,-  a-i  hour  lining  i  1 1;  eingl**  lead  arid  battery  »«  t  he  nol"  ivmrci*  o'"  electrical  powar. 
H.iw.-v-r  on  ».-wi-  rorn  t*-.  t  aii'iuft  1 1.--  cudu  an..-  avKilnl.i*  ,ut  *}i<-  b|i»t.-iY  •  I..  I  >i  /  than  1"  minuter,. 
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Th'»  auxiliary  pow'T  nynt«*m  iiiunt  a loo  be  capable  ni'  beir.jr  uned  to  power  systems  for  ground  checkout 
and  Rervioing.  There  irt  increafied  omphadi."  nowadayn  on  dispersed  site  operation  to  protect  the  aircraft 
fleet.  Thin  in  jvirticularly  t.ruo  for  HTOVL  ai  -craft  which  gain  much  of  their  operational  flexibility  ftoo 
this  type  of  utiliiratioiu  Power  ie  also  required  while  aircraft  remain  on  alert,  poanibly  with  crew 
manning  the  «i  rrraf t  for  quite  long  periodn  of  time.  During  such  alert.n  the  crew  would  need  to  wear  nulfc- 
able  clothing  to  protect  againr.t  nuclear,  chemical  or  biological  weapons.  Consequently,  there  in  a  nr  «i 
to  supply  none  form  of  air  conditioning  to  make  their  life  tolerabl?.  Some  aircraft  opera torn  have 
specified  quite  long  periods  of  aircraft  readinenH,  one  requirement  wan  for  8  bourn  in  4  two  hour  blocks 
With  h  crew  elutuge  at  the  end  of  each  bLnck. 

11YDKAULIC  AND  ELECTRICAL  V*OWl-!R  SUPPLIES 

Reliability  otudinn  show  that  the  primary  hydraulic  power  supplied  need  to  be  duplicated.  Two 
independent  r.yntnmn  are  required,  each  powered  from  an  engine  driven  pump.  For  the  nize  and  configuration 
Of  aircraft  studied  with  a  typical  empty  weight  around  V00O-90CX1  kg,  each  hydraulic  pump  needs  to  he  rated 
Bt  about  1.7  litres/iiec  at  a  nominal  delivery  preneure  of  ?.'/(iOO  Kl*a.  Some  research  lias  been  done  on  higher 
pressure  uyslotnu,  up  to  ,j?3.'>00  KPa,  in  the  USA.  However,  them  does  not  yet  oeorn  to  be  a  clear  case  for 
such  a  large  increase  in  system  operating  pressures. 

Some  novel  hydraulic  pump  deuigno  have  been  tried  on  recent  aircraft.  However,  the  conventional 
axial,  mul ti -pinion  pump  still  appears  to  offer  the  monl  reliable  source  of  h/draulic  power.  Relatively 
conventional  rotational  speeds  would  be  propoued,  i.o.  a  maximum  of  about  fax  .)  rpm  for  a  pump  of  the  size 
chosen.  Hydraulic  accumulators  will  be  nned  in  each  system  for  ’peak  lopping1  to  minimise  the  required 
pump  flow. 


The  reliability  cT  the  electrical  power  generation  channel  in  usually  better  tliun  the  hydraulic 
iv/ntem  and  the  primary  demands  can  be  met  by  a  single  generator  rated  at  40/fal  KVA.  A  typical  breakdown 
in  the  loud  in  given  in  th*>  table  below. 


SYSTEM 

TYPICAL  MAX.  LOAD  KVA 

Radar/Veaponn 

9-4 

Electronic  Warfare 

5.0 

Heatera/De-icing 

‘i.  5 

Navigat  ion/Commun icatiou 

1.  Y 

FI  i  gh  t/Pjtg ine  Con  f  r ol  n 

1.7 

Com pul ing/Diaplayu 

.LG 

Him  el  laneouu  Systems 

r.  Y 

Reserve  for  Growth 

1  Y.t) 

TOTAL 

Y9.<> 

It.  nan  be  seen  1'rum  (bin  luble  Hull  ttn»r°  if.  no  provision  Tor  electrically  driven  fuel  booster  pumps. 
The  HAe  Hrough  philonopby  for  aircraft  fn**l  r.yatema  in  baaed  on  the  use  of  s  hydrant  ically  driven  fuel  flow 
proportions  for  engine  fuel  I  .»ed  systems  and  air  prefiHuri  sat  ion  for  intertank  transfer.  Ill**  main  advantage 
of  this  ay utem  in  that  its  input  power  requirements  are  more  demand  conscious  than  electrically  driven 
booster  pumps.  There  in,  therefore,  l<*aa  of  a  power  penalty  incurred  by  the  need  to  aupply  the  maximum 
reheated  engine  fuel  flow. 

There  in  a  significant  electrical  load  requited  to  safely  recover  th*  aircraft  after  a  main  generator 
failure.  1‘rovitj’  >nal  estinaten  suggest  that  this  adds  up  tu  about  '».*»  KVA.  The  standby  load  required 
while  the  aircraft  is  on  alert  in  about  the  name  order.  Tnc  abnolute  minimum  flight  critical  loads  are 
<*t,t  imn  ted  to  be  about  1  VX5  watts  to  keep  the  PCS,  engine  and  basir-  instruments  poweied. 

Various  types  of  AC  generator  liave  be-n  eon»il*r*»d.  When  relatively  small  power  levels  are  required, 
i.e,  below  YO  KVA,  it  appears  that  Variable  Speed  Constant  Frequency  (VfiCF)  oyotomn  are  beginning  to  be 
rtr»l«*t  i » ivc.  Slow-.  «n  t  h"  mid  ran,"*  the  most  appropriate  nynt«»m  seems  to  he  an  integrated  drive 

generator  using  an  axial  gear  differential  constant  speed  drive.  Vt»y  ‘nib'.i  :  = ■  :  1  (  “-.'Wi  rteil  n/r.Um  such 
the  Lucan  Compact.  Constant  Frequency  Generator  have  yet  to  be  proven  at.  this  sort  of  power  supplies  level 
but  look  prom  i  niug  for  high  power  uy. items,  i.»*.  KVA  and  above. 

oit-i-'  studies  have  been  carried  out  into  the  possibility  of  an  hi!  elec  It  u.  i"  --b’ch 

tiy  ti'.nl  it-  system «  could  be  replaced  by  high  power  v.Lactrir  motors.  However,  we  are  yei  to  be  convinced 
that  thin  is  s  feasible  option  for  a  humII  tuiliLury  nin-wft. 
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STANDBY  AND  H1ERRENCY  POWER  SUPPLIES 

Power  is  required  on  the  ground  both  for  checkout  of  the  aircraft  systems  and  for  powering  essential 
equipment  while  the  aircraft  is  on  quick  reaction  alert  or  operating  in  the  'cab-rai'Jt1  role.  In  order  to 
check  the  main  nourcen  of  power  it  in  necessary  to  he  able  to  drive  the  main  accessory  gearbox  from  the 
APU-  Although  it  >n  unlikely  that  this  power  will  be  needed  for  very  long,  or  very  Often  it  is  undesirable 
to  drive  the  engin<  as  well  as  the  gearbox.  However,  for  engine  starting  the  main  power  take  off  shaft 
must  be  connected  to  the  accessory  gearbox  if  the  name  source  of  power  ie  to  be  used*  Various  methods  have 
been  used  to  overcome  the  problem  including  overrunning  clutches,  torque  converters  and  friction  clutches. 
However,  all  these  methods  add  to  the  complication  and  weight  of  the  Byutem.  The  proposed  solution  is  a 
Simple  mechanical  clutch  on  the  power  take  off  shaft  from  the  engine  to  isolate  it  when  the  gearbox, 
hydraulic  pumps  «r  main  generator  need  to  hr  checked.  Hie  system  schematically  then  looks  like  thsc  shown 
in  Figure  1.  * 


When  sittiig  on  ulei't  for  long  periods  of  time  the  main  accessory  gearbox  would  represent  an 
untierMfioa r‘i  ly  large  load  for  the  relatively  little  amount  of  hydraiMr  and  electrical  power  needed.  Trie 
prop' -<ed  solution  in  to  have  a  snail  hydraulic  pump  and  AC  generator  Invert  dir-etly  by  the  APU.  The 
hydraulic  pump  sized  a!  about  O.k  litres  per  second  would  provide  sufficient  power  to  check  out  the 
majority  oT  t.he  hydraulic  system.  It  would  also  drive  the  fu«l  flow  propertioner  to  recirculate  fu*»l  for 
u  -  as  a  heat  sink.  The  generator  -tired  nt  •d.rjut  H  Kt'A  would  piovilc  uufiic.ieut  elect  r wail  power  for 
*qu  i  jment  needed  on  t  ha  ground. 

Several  moans  of  pro vi. ling  emergency  powet  in  flight  have  been  considered.  Ram  air  turbines  are 
relatively  simple  but  are  of  doubtful  performance  at  extreme  attitudes  or  very  low  airspeeds  which  are 
possible  with  modern  manoeuvrable  aircraft-.  Emergency  power  units  operating  on  hydrazine  or  isopropyl 
nitrate  have  also  been  cons ids red .  However,  these  systems  do  present  a  logistics  problem  since  additional 
consumable  supplies  have  to  be  p>  -vnted  at  each  operating  bane.  In  addition,  the  fuels  u  ied  are  relatively 
It  i/.m  rdnUM. 

The  Pega tills  engine  him  quite  a  la-gr  high  pressure  core  and  windmills  a*  a  reasonable  speed  tinner  most 
flight  rn-iHtt  in»r.  In  ♦h**  *vr;it  -tf  :i  flurarwut  it  -ill  ..apply  udeq'iate  hydraulic  power  to  k»e{  1 1»*-  n  i  craTt 
in  h  stable  Might  path.  A  dejiinted  NiCad  hattei  is  propoo-d  Tor  the  tVfl  and  engine  cerMol  ny»te«u-. 
and  no  the  immediate  emu. equ^m  ee  of  mi  engine  fl«.T.-  sJ*  can  be  catered  Tor.  In  the  longer  term  the  APU 
can  i  n t u P * e  t  and  its  dedicated  hydraulic  pumj  and  generator  can  tie  uued  to  recover  the  aircraft  to  base. 

In  »h--  event,  of  a  catant  ruphi-  iiignu-  failure  t  h«-  aiitrtafl,  being  n  ngle  engined,  will  probably  -e 
loi'.t.  Hi*  hyd  ruill  i  1  nv  item  ncciunul;  ’  ors  will  provide  a  few  seronrls  of  power  to  enable  the  oirersft  to  be 
manoeuvred  into  n  attitude  fo*-  ejection. 

Hl.EKI*  Alb  fippLlUS 

In  el1  th*-  uTHirp  sircr^ft  studied*  Pligilir  Meet}  n ,  ,  i.in  been  BBi"wd  to  be  use  (5  to."  reaction  un'  ruin 
f  in  hovering  flight  and  during  the  transition  to  wing  bo  me  flight.  A u  a  lough  guide  tna  orniaua  amount  of 

bleed  air  required  is  about  1  kg/uer  for  every  KVX)  kg  of  aircraft  weigh:.  Th-  only  practical  source  of  such 
quantities  of  air  in  the  main  engine  since  APU  air  is  generally  at  too  low  a  pressure  and  only  available  in 
iiiji-i  1  1  q  ian ♦  i  •  i es .  Ilnw,,,i«r,  since  the  APU  must  hr  imed  to  piovide  bleed  a  r  to  operate  cpiijevrit  rooling  and 
aircrew  environmental  control  systems  on  *he  ground  there  is  a  vane  for  it  continuing  to  t«  used  during  take 
off  and  landing  to  rri'imiye  mailt  engine  bleed  with  ita  consequent  thrust  loss.  Typically,  earn  k g/eec  Lined 
from  tic  main  engine  coats  about  l?*;  kg  of  engine  thrust  foi  a  given  Tf*T  no  sriY  saving  Js  well  worthwhile. 
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NNGJNti  INSTALLATION  AGPKUTS 


All  thu  STOVL  aircraft  studied  at  BAs  Brough  liave  used  sngiRen  which  were  derived  Inm  the  Polls 
Royce  Pegasus  vectored  thrust  turbofan.  The  Pegasus  engine  in  a  major  constraint  on  the  installation  ami 
layout  of  the  secondary  power  system.  It  large  frontal  area  imposes  n  severe  aerodynamic  penalty, 
particularly  on  a  supersonic  aircraft.  The  Harrier  lias  all  ita  engine  driven  accessories  mounted  on  top 
of  the  engine  but  thin  leads  to  an  unacceptable  increase  in  fronts'  area  on  a  supersonic  design. 

In  efforts  to  get  around  these  installation  problem;;  several  means  of  driving  a  remotely  mounted  set 
of  accennorieH  have  been  ntudied.  Then*?  have  included  ur. ing  a  hydraulic  drive,  pneumatic  drive,  mechanical 
drive  shafts  and  dedicated  auxiliary  power  units.  However,  all  these  methods  have  been  found  to  bp 
significantly  lesc  efficient  thun  a  conventional  clone  coupled  gearbox  with  a  direct  shaft  drive.  In 
addition,  they  impose  reliability  and  vulnerability  problems  which  lead  to  weight  increases  when  attempts 
art?  made  to  overcome  them. 

Although  modern  electronic  controls  have  reduced  the  need  for  large  numbers  of  engine  mounted 
hydromechanics!  components  there  ir.  still  a  fiubnta.it ini  voliune  occupied  by  this  equipment.  On  most  of  the 
proposed  advanced  vers  ions  of  the  Pegasus  engine  the  major  jiarta  of  the  system  are  collected  together 

in  the  area  forward  of  the  starboard  front  n  07,7.1  e  to  allow  them  to  be  fair*  I  within  i's  profile.  The  area 
forward  of  the  port  front.  no?.?.le  is  therefore  a  convenient  location  for  the  engine  driven  accessories  an 
shown  in  Figure 


Thin  location  for  th»  accensorier.  in  >  < mvan lent  1  y  situated  to  use  a  radial  drive  from  Me*  Tron*  of 
the  engine  HP  compreanor.  However,  there  i;  not  sufficient  apace  to  fit  the  API!  an  well  as  U.e  mam  gear¬ 
box.  Ill  niy  event  sif.ee  th  -  API!  is  to  drive  ♦  hr  emergency  hydraulic  pump  arid  genera'o--  there  i.-;  a  good 
case  for  mounting  it  away  from  » !-.  main  po*»*  •  uupplv. 

AUXILIARY  I'OWKH  UNIT  INSTALLATION 

The  -nunl  flexible  menfn.  of  linking  *h<«  At’"  and  *  tie  main  nrrear.nry  g**a**box  is  by  using  a  pneumnti. 
dnvi-  fruui  an  AMI  driven  load  «:ompr«»m>t>r.  I'm:;  i-wiRct.  1 ■  oy.iicm  rrechan  1 «  a 1 1  v  simple  sime  i*  iil'vimi-n  ‘be 
need  for  cl  lit  files  nr  to, -pie  i-nriver-ter;  m  Ml-’  Tain  If'-fr.iory  gcurbox.  At  •  air  ♦  *1  rl  me  on  the  gearbox  will 
give  n  smooth  increase  in  load  on  the  AI’H  as  it  starts  the  main  gearbox  arid  engine.  The  API  IojH  '-ompresr.of 
•■an  I  ••  isolated  hv  e-ean-  of  vurial  1  ••  ini"*  goid«  v'SKr.  ••■nd  »he  r.'-ndl  y  Lydi**i'il  !•  j  *nj  an  I  g«-u»*l  ihi;  •  »:■  ;» l .  " 
l-**  offloaded  to  mi  mm  1  r<i>  AM'  start  trig  torn  ue.  A  mc  hematic  view  of  ’S'-  AP"  *  ft  snows  in  Figure  f„ 
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The  APU  needs  to  be  capable  of  rapid  starting  in  an  emergency  and  also  bp  capable  of  operating  nt 
high  altitude.  The  preferred  means  of  APU  starting  is  by  using  an  electric  motor  supplied  from  the  general 
services  battery.  Alternative  means  of  rapid  engine  starting  have  been  considered  and  the  most  promising 
solution  oeemn  to  bn  to  use  a  cartridge  starter,  Some  preliminary  assessments  of  this  system  have  been 
carried  out  by  APU  manufacturers,  tyo  insuperable  problems  have  been  revealed  but  it  does  have  the 
disadvantage  that  cartridges  would  have  to  be  provisioned  at  all  operating  banen. 

There  has  been  much  debate  about  the  need  to  operate  the  APU  at  high  altitude  in  the  even!  of  an 
engine  failure.  In  BAe  Brough's  experience  the  majority  of  high  altitude  engine  incidents  arise  either 
from  nurgee  during  reheat  lighting  or  excessive  intake  distortion  while  manoeuvreing.  It  can  be  argued 
that  modern  flight  control  systems  and  ongine  control  systems  will  prevent  such  incidents  occurring  on  the 
next  generation  of  aircraft.  The  Pegasus  engine  will  windmill  fast  enough  to  provide  hydraulic  power  after 
a  flameout  and  should  permit  a  rapid  descent  to  a  low  enough  altitude  to  relight.  liowevt r,  it  should  be 
possible  to  start  the  APU  ae  a  precautionary  meaoure  at  times  of  high  risk  such  ac  areas  of  the  fl 'ght 
envelope  where  the  engine  has  a  low  surge  margin.  Thun,  although  it  wou1  d  be  an  advantage  the  AIM!  could 
operate  at.  high  altitude  it  need  not  necessarily  be  able  to  start  at  auch  heights. 

OVERALL  SECONDARY  PO/Efi  SYSTEM 

From  the  discussions  in  the  previous  sections  of  this  note  th-*  system  which  has  evolved  is  an  shown 
in  Figure  b. 
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A  common  ducting  system  is  used  between  the  engine,  APU  and  environmental  control  system.  This 
allows  the  engine  to  drive  the  main  accessory  gearbox  by  means  of  compressor  bleed  air  as  a  back  up  to  the 
shaft  power  take  off.  The  Pegasus  engine  does  not  have  any  particularly  severe  limits  on  shaft  power  off¬ 
take.  However,  on  RBI 99  engines  a  compressor  bleed  air  back  up  system  can  provide  a  useful  supplement  to 
the  shaft  power  available  while  at  the  sane  time  improving  the  surge  margin  of  the  engine. 

AREAS  FOR  FUTURE  RESEARCH  AND  DEVELOPMENT 

As  secondary  power  systems  have  grown  in  size  they  have  begun  to  have  a  significant  effect  on  engine 
and  airframe  performance.  Bleed  air  offtakes  and  shaft  power  demands  have  become  particularly  important 
with  the  advent  of  high  bypass  ratio  turbo  fan  engines.  The  supply  of  even  relatively  small  amounts  of 
engine  bleed  air  brings  a  number  of  problems  for  the  airframe  systems  designer.  Typical  environmental 
control  systems  require  an  air  inlet  pressure  between  ^00  and  600  KPa.  However,  in  order  to  achieve  these 
pressures  at  low  engine  speeds  the  air  mu6t  be  taken  from  a  high  pressure  compressor  stage.  At  the 
extremes  of  the  aircraft’s  flight  envelope  thiB  may  deliver  air  at  over  2200  KPa  and  at  temperatures 
approaching  SOD°K.  As  a  result,  precoolers  and  pressure  reducing  valves  have  to  be  used  to  dump  ouch  of 
the  energy  which  has  been  very  expensively  put  into  the  air  by  the  engine. 

One  approach  to  this  problem  has  been  adopted  on  the  Spey  engines  used  in  the  RAF  Phantom  aircraft. 
Air  can  be  bled  from  either  the  7th  or  12th  stage  of  the  HP  compressor,  depending  on  the  delivery  pressure 
of  the  engine.  The  principle  of  the  system  is  illustrated  in  Figure  5- 


After  some  teething  troubles  this  system  has  been  found  to  work  well  in  practice  even  though  the 
changeover  between  stages  operates  as  a  ’bang-bang’  system.  The  amount  of  bleed  air  demanded  from  engines 
can  also  be  minimised  by  rejecting  as  much  heat  as  possible  to  the  engine  fuel  supply.  This  trill  often 
entail  complications  such  as  recirculation  back  to  the  aircraft  tanks  to  control  temperature  levels  with 
varying  heat  loads  and  fuel  flow  rat*s.  The  ability  to  transfer  fuel  around  can  in  any  event  be  a  useful 
aid  in  improving  survivability  after  combat  damage  or  system  failures. 


Such  systems  are  only  acceptable  provided  that  they  do  not  degrade  the  aircraft  reliability  or  increase 
pilot  workload.  The  advent  of  nod era  microprocessors  is  making  it  possible  to  provide  the  intelligence  to 
cope  with  the  control  of  these  advanced  systems.  In  addition  the  use  of  a  data  bus  such  as  MIL  STD  15553 
is  making  it  possible  to  transmit  all  the  necessary  sensor  and  coocmd  information  without  the  weight  penalty 
of  vast  amounts  of  wiring.  With  modern  engine  electronic  control  systems  a  much  closer  integration  with  the 
airframe  is  possible.  Data  on  airframe  power  and  bleed  offtakes  can  be  supplied  to  the  controller  and 
compared  with  what  offtakes  are  available  from  the  engine.  The  most  efficient  combination  of  power,  bleed 
and  engine  handling  bleeds  can  then  be  scheduled  throughout  the  flight  envelope,  hopefully  removing  many  of 
the  restrictions  which  exist  on  some  of  todays  engines. 


Modern  auxiliary  power  units  are  becoming  smaller  and  more  efficient.  Hc^ever,  there  are  still  very 
few  available  which  will  operate  at  high  altitude.  There  seems  to  be  a  growing  need  for  such  unit6  as 
aircraft  power  demands  are  increasing  and  their  integrity  is  becoming  more  critical.  One  possible  means  of 
improving  high  altitude  performance  is  to  ’supercharge'  the  APU  by  utilising  a  snail  amount  of  engine  bleed 
air.  This  presupposes  that  the  APU  will  be  started  either  as  a  precautionary  measure  under  conditions  of 
high  risk  or  can  be  started  rapidly  as  soon  as  an  engine  failure  is  detected. 


Hydraulic  pumps  are  likely  to  become  more  sophisticated  even  if  pressure  level©  do  not  increase  very 
much  teyond  todays  typical  2?600  KPa.  Dual  pressure  level  pumps  are  now  quite  common  with  a  lower  datum 
pressure  for  offloading  the  accessory  gearbox  during  engine  starting.  The  next  stage  would  seem  to  be 
viable  delivery  pressures  as  well  as  the  almost  universal  variable  flowrate  pumps.  5y  running  at  a  lower 
system  pressure  during  cruise  conditions,  engine  shaft  power  demands  can  be  minimised  at  low  engine  speeds. 
Systea  internal  leak  rates  will  be  lower  so  less  heat  will  be  rejected  within  the  hydraulic  system.  Again 
reliable  microprocessor  control  will  be  needed  to  make  such  systems  feasible. 
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In  the  field  of  electrical  power  generation  the  development  of  variable  -peed,  constant  frequency 
generators  promises  improvements  in  reliability  over  the  mechanical  complexities  of  constant  speed  drives 
However,  there  seems  to  be  some  way  to  go  to  get  the  electronics  sufficiently  reliable  and  able  to  with¬ 
stand  the  temperatures  associated  with  operation  in  close  proximity  to  the  engine.  There  ie  still  a 
requirement  for  a  reliable  battery,  even  after  all  the  years  experience  with  the  available  lead-acid  and 
ni ckel -cadmium  types.  A  reliable  charging  system  and  state  of  charge  indicator  would  go  a  long  way  towards 
giving  more  confidence  in  the  use  of  NiCad  batteries  for  emergency  power  supplies. 

CONCLUSIONS 

There  is  still  scope  for  considerable  improvement  in  the  overall  efficiency  of  aircraft  auxiliary 
power  supplies.  Perhaps  the  greatest  improvements  would  be  achieved  by  a  closer  co-operation  between  the 
various  irframe  systems  designers  and  the  engine  designers  at  an  early  stage  in  the  development  of  the 
project.  It  ie  apparent  that  the  present  situation  where  the  project  aerodynamic is te  seem  to  have  first  say 
in  what  engine  development  is  necessary  is  not  always  the  best  approach.  It  is  essential  that  the  secondary 
power  system,  engine  bleed  air  offtakes  and  engine  design  must  be  considered  as  a  whole  rather  than 
developed  in  isolation. 
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INTRODUCTION 

I, a  prGsente  communication  a  pour  objet  la  description  et  la  justification  du  systAme 
de  puissance  hydraulique  secours  du  MIRAGE  2000.  C'c  syst&me  de  conception  originale 
rdpond  en  fait  3  un  probldme  tout  3  fait  particular  et  specif ique  de  1 ’avion  : 

En  effet,  il  s'agissalt  de  trouver  une  source  d'fenergie  d'une  part  et  un  moven  de 
la  mettro  en  oeuvre  d' autre  part,  susceptibles  d' assurer  le  fonctionnement  deB  aervo- 
commandes  hydrauliques  de  commando  de  vol  de  1' avion  danB  les  conditions  par ticulidres 
suivantes  : 

(a)  Moteur  6teint 

(bj  Dans  une  phase  de  vol  trAs  particuliAre  que  nous  appelonB  la  "cloche"  (TAIL  SLIDE 
MANEUVER) . 

1 .  PHASE  DE  VOL  CONSIDEREE 

Cette  "cloche"  eat  une  figure  ncrobatique  ou  de  combat  composAe  dee  phases  suivantes  j 

(a)  Une  phase  de  prise  d'assiette  au  cours  de  laquelle  la  vltease  aArodynamique  dimin  a 
en  m&ne  tempB  que  1' altitude  crolt.  Pendant  cette  phase  les  gouvernes  aArodynamiques 
sont  efficaces  ec  assurent  le  contrCle  de  1 'avion. 

(b)  Une  phase  au  cours  de  laquelle  1' avion  suit  sa  trajectoire  "par  inertie",  pendant 
laquelle  la  vitesse  aArodynainique  diminue  et,  si  1’asBiette  initiale  prise  pendant 
la  phase  (a)  eat  suf f iBanment  grande,  passi-  m£me  par  7.Aro.  Pendant  cette  pha^e,  et 
bien  que  les  gouvernes  aArodynamiques  solent  inefficaceu  pendant  un  court  laps  dc 
temps,  les  commandes  de  vol  Alectrigucs  restent  ton journ  actives  et  positionnent  les 
gouvernes  de  faqon  3  rAagir  3  la  situation  pour  gue  1* avion  aoit  contrSlable  dAB  que 
la  vitesBe  reprend  quelque  valeur . 

Au  cours  de  cette  phase  3  vitesse  quasirent  nulle,  1' avion  "bascule"  vers  I'avant  du 
fait  ae  yon  hyperstabi li tA  longitudinale  3  *rAs  forte  incidence. 

(r)  Une  phase  dr  reprise  dc  vitesse  aArodynainique  an  cours  de  laquelle  les  qouvprnt-s 
redeviennent  efficaces  et  de  ce  fait  recentrent  1* avion  sous  l'effet  dee  commandes 
Alectrlques,  ce  qul  Avite  tout  engagement  en  vrille  incontrOlA  et  permet  3  1' avion 
de  suivre  la  ligne  de  vol  cholsie  par  le  pilote,  roAme  si  les  ordres  du  pilote  ont  AtA 
donnAs  pendant  la  phase  (b)  avant  la  reprise  de  vitesse. 

Il  faut  prAciser  que  cette  stabilisation  de  1 'avion  a  lieu  immAdl atement  apt  As  le 
basou lenient  (nose  down)  et  3  une  vitesse  encore  trAs  faible. 

C'»  dernier  point  eat  t.rAs  intAressant  :  meme  si  le  MIRAGE  2000  n’est  oas  le  premier 
avion  3  entreprendre  des  manoeuvres  balistiques  impliquant  un  passage  3  vitesse  nulle, 
il  est  nAanmoins  capable  de  retrouvei  un  haul,  nive-  i  de  manoeuvrability  i mined. I  dement 
aprAs,  sans  que  lc  pilote  ait  besoin  te  "tout  mett  •  au  milieu  et  d'attendre,  on 
s'arrAtant  de  respirer,  une  vitesse  aArodynainique  yuf f isunte" .  On  peut  dire  que  les 
commandes  de  vol  restent  efficaces  3  des  vitesscs  de  l'ordrc  de  40  Kts.  Au-desaous, 
le  travail  cst  principalement  dQ  aux  saincs  qualitAs  aArodynaniinues  do  I'fn  'nnr  en 
par ticulier  3on  hyper stability  en  tangage  3  une  incidence  supArieure  3  30" 

2.  LE  MIRAGE  2000  ET  SES  COMMANDES  DE  VOL  ELECTRTQUES 

La  figure  qui  vient  d'Btre  dficrite  C3 1 ,  c>  -■ tes,  realisable  sur  avion  3  commandes  de 
vol  clrssique,  main  elle  conduirait  /.e  plus  souvenl  3  des  situations  diff idles  3  confrft- 
ler  sans  une  habiletA  e.xceptionnelle  du  pilote  : 

Fn  nffntf  si  la  prom! Are  phase  de  prise  d'assiette  est  toujnurs  possible,  il  arrive 
un  moment.  oO  '  'avion  Achappe  au  conrrfile  du  pilote  ;  on  ne  salt  alors  piedire  ce  qui  va 
se  passer  :  A  partir  de  ce  moment,  on  bien  la  vitesse  s'accrott.  3  nouveau  at  1' avion 
redevient  progresslvement  coritrAIable ,  rials  alors  la  figure  est  ratye,  l 'avion  nu  'eat. 
pas  arrety  en  l'air,  ou  bien  1’ avion  entre  en  vrilie,  configuration  dc  vol  plus  -m  moin 
stable  d'oil  11  ne  sort  Ira  qu'en  prenant.  3  nouveau  de  la  vitesse  snrAs  ues  manoeuvres 
bien  dy termini es. 
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C'cst  grace  aux  commandes  de  vol  Alyctriques  que  dans  le  MIRAGE  2000  la  cloche  eat 
r&alisablc  en  toute  sAcuritA  efc  sans  habile tA  exceptionnelle  du  pilote  : 

Le  but  des  commandes  de  vol  Alectriques  est  de  rendre  1' avion  contrftlable  et  pilo- 
table  en  toute  sAcuritA  quels  que  soient  les  incidences,  les  charges  ou  les  cas  d'insta- 
bilite  rencontres.  Elies  permottent  en  particulier  le  pilotage  avec  une  stabilit§ 
longitudinale  stctiquo  negative  ou  voiaine  de  zAro.  Dans  le  cas  ue  la  "cloche",  cette 
caractAristique  facilite  d'ailleurs  le  lancenent  de  1* avion  vers  le  haut  dans  la  premiAre 
phase  (a)  de  la  figure. 

De  plus,  les  limitations  d* incidence  et  de  facteurs  de  charge  automatiquement 
introduites  dans  le  calculateur  de  conrnande  dc  vol  permettent  au  pilote  toutes  les 
manoeuvres  sans  risque  de  dApasner  ces  limites.  En  particulier  c'est  ce  ca  leu  latent*  qui 
pendant  la  cloche  braque  3  plein  piquA  les  Alevons  sans  que  le  pilote  intervienne.  Tar 
centre  celui-ci  pourra,  pendant  ce  temps  15,  prf—  positionner  son  manchc  de  faijon  qu’3 
la  sortie  1* avion  suive  la  trajectoire  dAsirAe  et  sans  qu'il  y  ait  5  aucun  moment  perte 
de  contrfile. 

Bien  sQr  ces  mouvements  de  gouverneB  demandent  une  certaine  puissance  et  e'est  ce 
qui  nous  nmftnG  au  sujet  ossentiel. 

3.  SOURCES  D'ENERGIE  POUR  I.ES  COMMANDES  DE  VOL 

L'Anergie  nAcessaire  au  fonctionnement  des  coiwnandes  de  vol  est  norma lament  fournle 

par  le  moteur  sous  forme  Alectrique  et  hydraulique.  Dans  le  cas  du  MIRAGE  2000,  le  moteur 

entrains  deux  alternateurs  5  vltesse  constante  du  type  AUXIVAR  de  20  KVA  et  deux 
pomp d s  hydrauliques  autorAgulatrices  dAbitant  112  1/mn  scus  4000  PSi  5  6100  t/mn,  ce  qui 
correspond  *1  ur  r«'>|imn  moteur  de  10  600  t/mn.  L’Anergie  hydraulique  fournle  par  lea 
pornpes  entralnAes  par  le  moteur  est  trA3  largemcnt  3uffisaiite  non  aeulement  pour  allmenter 
les  servo- commandes  et  les  servitudes  (train,  hyperaustentateur s,  etc..,)  mais  aussi  pour 
entralner  deB  alternateurs  destines  5  fournir  de  1 ’ Alect ricitA  aux  commandes  de  vol, 
indApendamment  de  celle  fournle  par  les  alternateurs  principaux  entralnAs  par  moteur. 

C’est  pourquoi,  mAme  avec  le  moteur  Ateint,  5  condition  que  la  vltesse  de  l1 avion  soit 
suffisante  pour  entralner  les  pornpes  hydraullqueB  par  1* intermAdiaire  du  moteur  en  mouli- 
net,  le  fonctionnement  des  commandes  de  vol  reste  asaurA  aussi  bien  hydrauliquement 
qu' Alectriquement.  A  t.itis  indicatif  le  rfigime  du  moteur  en  moulinet  est  encore  de 

2  380  t/mn  pour  une  vitCBse  indiguAo  de  200  Kts  environ,  ce  qui  donne  un  dAbit  hydraulique 

.dinponible  total  de  5o  1/mn  pour  1' avion. 

Par  centre,  que  va-t-il  se  passer  si  le  pilote  de  1* avion  execute  une  figure  de  vol 
du  type  de  celle  que  nous  avons  dAciite  prAcAdemment ,  au  cours  de  laquelle  la  Vitesse 
avion  passe  par  des  valeurs  tr&B  basses,  voire  nulles  ?  Si  le  moteur  reste  alinmA,  11  n'y 
a  pas  de  probl&me  puisque  le  regime  de  ralenti  vol  reBte  encore  supArieur  5  50  %  du 
regime  maximal,  ce  qui  donne  un  dAbit  hydraulique  de  60  1/mn  diaponible  Bur  chaque  pompe. 

II  n'en  est  pae  de  meme  si  une  extinction  du  moteur  survient  avant  ou  pendant  cette 
figure.  Kn  effet  cette  extinction  pourra  conduire  5  une  Vitesse  de  rotation  moteur  en 
moulinet  t.rfts  bnsse  voire  nuile,  en  tout  cas  trfcB  insuf f isante  pour  assurer  un  dAbit 
convenable  des  pornpes  hydrauliques  entralnAes  par  le  moteur.  II  faudra  done  dans  ce  cas 
trouvor  une  aut.ro  source  d'Anergie  pour  assurer  le  fonctionnement  des  commandeB  de  vol 
qui  nomine  on  i'a  vu  prAcAdemment  aont  indlspenaables  au  bon  posit ionnement  des  gouvernes 
pendant  cette  phase,  en  attendant  que  la  vltesse  retrouvAe  puisne  permettre  un  moulinet. 
HUlflaant  du  moteur  et  Avcntuell cmeut.  non  rallumage. 

4.  L’UOIX  DE  LA  SOURCE  D 1  ENE.RGIK  DE  SF.COURS 

Pin  ^nrs  formes  d'Anergie  de  secours  peuvent  fttre  envlsagAes  :  le  moulinet  moteur 
est  M  >A  par  hypothSse,  de  m?me  que  les  procAdAs  utilisant  la  vitess*  aArodynamique 
commn  aAropnmpes,  syntAmes  "ram-air'’  et  dArivAs.  Il  ne  nous  reate  qu«.  l'Anergie  que 
.I’on  p  t  shocker  5  bord  soun  forme  chimique  :  carburants  ou  batteries. 

Un  ,\FU  utilisant  It!  pAtrclo  de  1’ avion  aurait  l'avantagu  dc  ne  pa3  nCcessttc.r  I  * emport 
d'un  carburant  special-  II  a  par  contre  1 ' Inconvenient  de  nAceMsiter  une  installation 
d'entrAe  d’air  pour  le  coraburant  et  i.1  a  surtout  1 '  inconvenient  majeur  de  aon  temps  de 
dOmarrage  et  de  mise  en  oeuvre.  Avant  d'at.teindre  con  rAgime  nominal,  11  lul  faudra 
plusieurs  dizaluub  dc-  seconder.  r:n  qui  est.  incompatible  avee  le  problAme.  Nous  verrons 
plus  loin  que  la  mise  cn  oeuvre  de  ce  systAmc*  doit  intervenl  >  en  un  t.emps  ne  dApassant 
pas  2  secondes.  De  pitta  il  y  a  toujours  une  limits  uupArlcuru  5  1* altitude  de  rallumage 
de  ce  genre  de  machine  qui  i nterdtrai t  la  manoeuvre  au-dessus  de  cette  altitude.  On  ne 
volt  pas  moycn  dr  sunnonter  oa s  difflcultAe,  3  meins  de  lajnser  cet  AVU  en  fonctionnement 
purmanent  depuis  lc  sol.  Mala  alors  cc-  i  nAcess iterait  des  precautions  d' installation  ct 
une  endurance  de  la  machine  tr  As  injust  ifiAes  vis-a-vis  dc  la  rarest  A  de  L '  AvAru-iuent.  que 
l' on  cherchc  H  couvrir. 

Un  E.P.U.  3  hydrazine  aurait  pu  Stre  envj saqA  :  la  faible  puinsance  mise  en  jeu  et 
la  faiblo  durAo  dc  fonctionnement  justi  f ieraieut  1 'usage  d'une  faiblo  quanti  tA  de  errbu- 
rant  et  de  comburant,  main  13  encore  on  so  heurte,  quoique  dans  une  moindre  meaure  quo 
dans  le  cas  dc  l'Al’U,  au  problAme  Ue  la  ropidlr.A  do  mlac  en  oeuvre  du  systAme. 
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L'id6e  la  plus  simple  qui  viendrait  3  l'esprit  serait  d’utlliser  une  source  d'Er.er- 
gie  qui  existe  de  toute  fa^on  3  1  * intErieur  de  1 ' avion  3  savoir  la  batterie  Electrique. 

Eli  effet,  dans  le  MIRAGE  2000,  cette  batterie  allmentc  une  pompe  hydraulique  de  secours 
de  B  1/mn  f onctionnemenfc  discontinu.  Cette  pompe  qui  existe  sur  tous  los  avions  du 

type  MIRAGE  a  pour  but  de  permettre  en  cas  de  blocage  rEacteur  et  done  de  suppression 
dc  taute  possibility  de  prEl&vement  d'Energie  sur  le  moteur,  d'alimenter  les  servo- 
commandes  de  vol  de  fagon  3  permettre  au  pilote  de  se  mettre  en  position  favorable  3 
Injection,  qui  est  la  conslgne  normale  dans  ce  cas  extreme  de  panne. 

Si  on  utilisait  cette  pompe  de  secours  pour  alimenter  les  servo-contnandes  dans  le 
cas  qui  nous  occupe,  il  n'est  d'abord  pas  certain  que  son  dEbit  serait  capable  d* assurer 
les  mouvements  de  gouverne  nEcessaires.  En  effet,  mettre  un  avion  en  position  favorable 
3  1* Ejection  n'est  pas  la  m&me  chose  que  de  le  manoeuvrer  de  fa<jon  3  exEcuter  une  sortie 
de  cloche.  De  plus  J ’utilisation  intensive  de  cette  pompe  pendant  le  temps  nEcessaire 
rLsquerait  de  vider  substantiellement  la  batterie  de  L'avion,  ce  qui  la  rendrait  inapte 
par  la  suite  3  remplir  son  rftle  de  source  Electrique  de  secours,  rfiie  qui  consiste  3 
assuri  r  un  temps  d'autonomie  Electrique  3  partir  du  moment  oO  les  sources  d'Energie 
Clcct.’iquc  normalcs  se  sont  trouvEes  indisponiblea .  En  particulier  cette  batterie  risque- 
rait  d'Etre  indisponible  pour  le  rallumage  du  moteur  par  Is.  suite. 

En  rEsumE,  cette  source  d'Energie  doit  done  etre  conservEe  prEcieusement  et  ne  peut 
done  Stre  utillsEe  pour  1 'usage  qui  nous  occupe. 

5 .  SOLUTION  CHOISIE 

II  a  fal  »i  done  crEer  un  nouveau  systEme  de  secours  indEpendant  et  dlsponible 
immEdiatement . 

Ce  systEme  consiste  en  une  pompe  hydraulique  branohfie  en  parallftle  sur  un  des  cir¬ 
cuits  d 1  alimentation  hydraulique  des  oervo-commandeB  (circuit  N°  2).  cette  pompe  est 
entralnEe  par  un  moteur  Electrique  aliments  lui-mEme  par  une  pile  amorqable  dont  l'Ener- 
gie  devient  immEdiateroent  diBponible  pour  un  temps  ltmitE  dEs  sa  mise  en  route.  Cette 
pompe  se  substitue  au  systEme  norm.  1  de  mise  en  preaslon  du  circuit  hydraulique  N*  2 
dont  elle  assure  tous  les  services  tant  qu’une  tension  Electrique  suffisante  eat  mainte- 
nue  aux  bornes  du  moteur. 

La  pompe  proprement  dite  est  une  pompe  dElivrant  12  1/mn  sous  230  bars  (rappelons 
que  la  pression  normale  des  circuits  hydrauliques  eat  280  bars) .  Elle  est  autorEgulatrice 
e ’ est-3-dire  qu'elle  comporte  un  plateau  oscillant  3  7  pistons  dont  1 ' incl inaison  est 
cummandEe  par  un  rfigulateur  maintenant  la  pression  de  sortie  constante  et  Eyale  3 
230  bars  tant  que  lc  dEbit  demandE  n'est  pas  supErieur  3  la  valeur  nominale.  De  la  sorce, 
le  dEplacement  par  tour  est  variable  et  attelnt  1  cm3  par  tour  environ  pour  1 ’ inclinaison 
maximale  du  plateau.  La  vitessc  de  rotation  varie  entre  10  OOO  ct  14  OOO  t/mn  sulvant 
la  tension  Electrique  d ' alimentation . 

Le  moteur  Electrique  est  du  type  compound  ce  qui  lui  permet  d'allier  un  couple  au 
demurrage  ElevE  (indispensable  pour  vnincre  le  couple  resistant  de  la  pompe)  avec  des 
caractEri stiques  couple/vi tesse  acceptables  lorsque  la  tension  baisse. 

La  pile  thermique  eat  cons.  LtuEe  par  un  ensemble  de  plusieurs  paquets  de  13  ElEmentn 
sfirin  branches  en  parallMe.  Cen  ElEments  sont  conatituEs  d'une  Electrode  negative  en 
racial  alcalin  pur  et  d'une  Electrode  positive  en  oxyde  fort  (Ca  Cr  04)  noyEes  dans  un 
Electrolyte  solide  constituE  par  un  melange  eutectique  de  chlorure  de  lithium  et  de 
potassium.  Ces  ElEmentB  ne  sont  done  pas  actifs  tant  que  1  *  Electrolyte  reste  3  l'fttat 
solide.  L' initiation  de  la  pile  consiste  en  la  mise  3  feu  d'une  composition  chauffante 
qui  amEne  1 ' 6 lcc troly te  au-del3  de  sa  temperature  de  fusion  de  360*0,  le  rendant  ainsi 
conducteur  ionique  actif.  La  puissance  maximale  est  dlsponible  au  bou^  d'une  seconde 
seulement,  temps  3  partir  duquel  la  tension  aux  bornes  atteint  30  Volts.  A  partir  de  ce 
moment  la  tension  baisse  progressivement ,  cette  bainae  dependant  de  la  consommatlon. 

Pour  la  consommatlon  initial**  imnortante  d«  1  ' Elect ropompn  (de  1'oi‘dre  de  250  A),  la 
chute  de  tension  est  rapide.  Au  bout  de  20  secondes,  la  tension  aux  bornes  n'est  plus 
i  que  25  V.  Ensuite  la  conBonmation  diminuant,  la  chute  est  mo1  ns  rapide  i  tension  envuun 

|  20  V  au  bout  do.  5u  uocondos. 

* 

Ce  type  de  pi 'e  est  util lsE  sur  eng in  balistique  mala  en  gEnEral  ces  piles  sont  3 
Injection  d '  E lcct.rolytc?  liquide  et  ne  fonctionnent  qu '  entre  lO  et  30°C  ce  qui  n'a  en 
gEnEral  pas  d ' importance ,  vu  la  temperature  des  silos  dans  lesquels  ces  engine  sont 
stockEs.  Au  contraire  sur  le  MIRAGE  2000,  il  a  EtE  nEcenaaire  de.  choislr  une  pile  capable 
de  fonctionncr  3  bassc  temperature  Initiate  (-  30WC  au  plus)  d'oO  le  choix  de  1' Electro¬ 
lyte  solide. 

Cette  pile  ae  prEaente  sous  1 'aspect  d'un  boitier  mEtallique  cylindrique  hermEtique. 
Le  melange  ebauffant  de  la  pile  est  mis  3  Leu  pax"  deux  E-oupilles  pour  assurer  la 
redondance.  <’es  EtoupJ.lles  sont  EquipEes  d'un  shunt  do  [  ot.ection  pour  le  transport. 

Le  systEme  de  command*;  d'amor^age  est  automatique  :  une  tension  continue  de  27  V 
est  enVoyEe  aux  b.  rnes  des  Et.uupilles  lorsque  toutes  lea  conditions  Buivantea  sont 
rEal isEes  : 


■  l 
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(1)  Vitesse  de  rotation  du  moteur  inf£rieure  cl  15  %  du  regime  maximal. 

(2)  Vitesse  air  de  1' avion  infyrieure  3  100  Kts  (50  m/s) . 

(3)  Altitude  avion  sup§rieure  3  JO  OOO  ft.  et  inf§rieure  3  70  000  ft. 

(4)  Train  non  sort!  dfetectfi  par  un  eontacteur  triple. 

Pour  £viter  des  risques  de  fonctionnement  intempesti f  au  sol  en  maintenance  1' avion 
ytant  3  1' arret,  une  condition  N  >  No  (environ  5%)  a  £t£  ajout6e  en  plus  des  quatro 
conditions  ci-deasus. 

La  logique  de  commande  est  entidrement  doubl^e,  chaque  logique  attaquant  chacune  des 
deux  Stoupilles  d'amorgage. 

Enfin,  conme  il  aurait  yty  regrettable  de  ne  pas  pouvoir  utiliser  un  systAme  aussi 
simple  pour  ramener  1 ’avion  avec  r^acteur  yteint  qui  se  t.rouverait  par  hasard  assez  prfts 
d'un  terrain  pour  se  contenter  d'un  fonctionnement  aussi  court,  on  s' est  donn6  la  possi¬ 
bility  d'unc  commande  manuelle  par  poussoir  sous  operculc  qui  par  son  action  slmule 
tout.es  les  conditions  du  fonctionnement  automatique. 

Un  t§moln  d’amorgage  indique  que  le  systdme  est  en  fonctionnement. 

G.  JUSTIFICATION 

Le  choix  d'un  systdme  aussi  rustiqve  ne  se  justifie  qu'3  cause  de  deux  yi£ments 
importants,  tous  deux  dQment  vyrifl^s  p  r  1* experience  ; 

(1)  La  faible  dur6e  pendant  laquelle  on  risque  d'avoir  besoin  d’une  telle  source  d'^nerglr*. 

(2)  La  faible  probability  de  I’occurrence  d'une  situation  nycessitant  son  emploi. 

En  effet,  le  syst^me  dycrit  ci-dessus  a  deux  caract§ri stiques  :  sa  faible  dur6e  de 
ronct.ionnement  et  le  fait  qu'il  ne  peut  servir  qu'une  fois,  la  batterie  thermique  devant 
ctre  renouvelde  aprCs  chaque  percussion. 

(A)  En  ce  qui  concerne  la  faible  durye  de  fonctionnement,  le  chiffre  de  1  minute  environ 
donn&  plus  haut  rysulte  du  calcul  lr  plus  dyfavorable  de  la  du.*6e  nycessaire  pour  rctrou- 
ver  un  rSyime  suffisant  en  moulinet  moteur.  Pour  ce  calcul,  on  suppose  que  1* extinction 
moteur  est  survenue  au  moment  le  plus  dyfavorable  de  la  cloche,  c'est-S-dire  au  temps  tl 
tel  que  la  durye  pendant  laquelle  le  regime  moteur  va  rester  inffirieur  3  2  500  t/mn 
environ  est  maximale.  Ce  temps  correspond  3  une  vitesBe  avion  de  l'ordre  de  180  Kts.  Et 
e’est  bien  l'hypoth3se  la  plus  dyfavorable  : 

Avant,  le  pilote,  pryvenu  de  1* extinction  moteur,  a  encore  une  vitesse  suffisante 
pour  interrompre  la  figure  et  ainorcer  la  manoeuvre  de  rallumage.  Apr£a,  le  temps  qui 
reate  3  courir  3  vitesse  faible  dev lent  de  plus  en  plus  court  et  finit  par  etre  infyriuur 
au  temps  que  met  le  moteur  3  "dybobiner"  jusqu'au  rygime  de  moulinet  coi respomlan t  3 
Vi  -  100  Kts  (25  %  du  rygime  maxi.) ,  avquel  cas  il  n'est  plus  besoin  de  source  d'Cnergio 
autre  que  le  moteur. 

Des  essais  iu  sol  ont  yty  conduits  en  simulant  la  dycroissance  du  d§bit  fonrni  p  t 
la  pompe  prlncipale  3  parfcir  de  1 ' extinct! •  »n  moteur  grace  3  un  groupe  hydraultque  pr<  grammC*, 
tout  en  demandant  le  dGbit  instantand  maximal  correspondant  aux  val.eurs  raesurfifin  en  vol 
danB  la  manoeuvre  la  plus  dyfavorable  ("rontre"  dea  yievons  arrivant  au  moment  oCl  le 
moteur  a  entiCrement  dybobin§) .  Ces  essais  ont  montT-y  que  le  pilotage  en  yiectrique  res- 
tait  possible  jusqu'3  la  fin  de  la  manoeuvre  et  que  la  capacity  de  la  pile,  de  l’ordre 
de  1  minute  3  pleine  puissance,  plus  un  exeydent  3  puissance  ryduite  pouvant  aller  jus- 
qu’3  2  minutes  et  plus,  couvrait  largement  cette  exigence. 

(B)  En  ce  qui  concerne  la  probability  □’occurrence  ue  la  slLUaliOii  neCCSSi  Innt  Ifl  mine 
en  route  d'un  tel  syst^me,  not.re  experience  a  montry  qu'elle  Ctait  tr&3  faible. 

De  nombreux  essais  en  vol  ont  montry  que  1* extinction  du  moteur  pendant  les  cloches 
ytait.  trfts  improbable,  et  de  toute  fagon  paB  plus  probable  que  dans  n1  import**  quelle 
autre  phase  de  vol. 

Durant  les  essais  en  vol,  plus  de  500  cloches  ont  §t§  exycutyea  dont  100  danB  toutes 
Ion  configurations  moteur  possibles  (tou*  rygimea  possibles,  PC  maxi,  ryduite  ou  yteinte, 
mouvements  brusques  de  manette  de  gaz  et  mAme  simulation  de  passage  en  sccours  du  rygu- 
latcur  (FCU)  moteur  etc...  )  sans  qu'il  y  ait  eu  ni  extinction  ni  mftme  autre  anomalle 
moteur. 

Cette  bonne  f lability  du  moteur  SNECMA  M  53  est  en  fin  de  compte  la  meilleure  justi¬ 
fication  du  choix  du  systAme  de  gynyrat«  >n  de  secours  du  MIRAGE  2000  puiaqu'on  est  assury 
uinci  de  n'^voir  3  s’en  servir  quo  tout  .  fait,  except! onnellement . 
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On  peut  mSme  dire,  et  ce  sera  la  conclusion,  que  si-  les  essais  moteurs,  qui  ne  sont 
pas  terminus,  continuent  3  6tre  aussi  bons,  il  est  possible  que  tout  le  syst&me  d£crit 
ci-dessus  s'avfcre  superflu,  la  probability  d'extinction  moteur  en  cloche  £tant  si  faible 
qu'elle  ne  justifierait  alors  que  le  si£ge  £jectable  du  pilote,  3  1 'exclusion  de  tout 
autre  systfime  capable  dc  ramcncr  1’ avion. 


mscussioN 


E. Eckert,  Gc 

I  refer  to  your  slides  “Emergency  Power  Sources”  listing  possible  power  sources  and  “Energy  Storage  System 
Range”.  I  could  not  find  the  silver-zinc  (one-shot)  battery  system  there.  As  this  has  very  high  energy  content  and  is 
well  known  fora  long  time  and  even  in  use  with  military  aircraft  is  there  a  substantial  reason  why  this  has  not  been 
regarded? 

Author’s  Reply 

It  is  a  very  good  question:  The  silver/zinc  “one-shot”  batteries  are  used  on  ballistic  missiles  and  have  been  actually 
considered  for  the  application  described.  The  reason  why  we  discarded  them  is  because  these  batteries  arc  “liquid- 
injeclod-elecliolytc”  type  and  cannot  operate  properly  at  a  temperature  lower  than  0°,  while  the  thermal  battery 
used  on  the  MIRAGE  2000  can  start  at  — 30°C. 


M.Metohianakis,  Gr 

Can  wc  use  the  thermal  battery  which  usually  delivers  30  volts  to  activate  some  other  systems  with  different  voltages 
simultaneously? 

Author’s  Reply 

I  cannot  see  any  reason  why  wc  could  not  use  a  thermal  battery  to  activate  systems  at  other  voltages  (like  100  volts 
for  instance)  provided  an  adequate  number  of  voltages  is  added. 

Supplying  different  available  voltages  simultaneously  would  also  be  theoretically  possible  but  1  think  not  practically 
feasible  with  the  pesent  technology  of  the  battery  which  has  been  used  in  the  case  of  the  MIRAGE  2000. 
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OPTIMISATION  OF  ENGINE  POWER  OFFTAKE  BY  SECONDARY 
POWER  SYSTEM  DESIGN 
by 

J.R .  Hopkins 
Senior  Engim  er 

British  Aerospace  Public:  Limited  Company 
Aircraft  Group 
Wartori  Division 
Preston  PR*J  1AX 

AD  P002290 

.  ^This  paper  examines  the  configuration  constraints  presented  to  a  systems  engineer  when 
designing  a  Secondary  Power  System,  with  particular  reference  to  the  minimising  of 
engine  power  offtake.  It  briefly  discusses  the  effects  of  power  offtake  on  the  engine 
and  looks  at  current  solutions  available  to  the  systems  designer.  The  paper  defines  a 
Secondary  Power  System  which  is  optimised  for  a  twin  engined,  agile,  combat  aircraft.  -<f  - 

DEFINITION 

For  the  purpose  of  this  paper  the  term  Secondary  Power  System  may  be  taken  as  the 
system  which  transmits  power  from  the  engines  to  and  including  the  electrical  and 
hydraulic  generation  systems,  together  with  the  engine  starting  and  ground  power 
systems,  (fig  1) 

SYMBOLS 


SUMMARY 


APU 

ATS 

KCS 

F 

<t  H.P. 
'  Hp 
IP 
IDG 
M 
N 
P 

POT 

PTO 

PRV 

U 


SPS 

T 


Auxiliary  Power  Unit 

Air  Turbine  Starter 

Envi ronmenta 1  Control  System 

Thrust  -  Newtons 

Hydraulic  Pump 

Engine  Shaft  -  High  Pressure 
Engine  Shaft  -  Intermediate  pressure 
integrated  Drive  Generator 
i  lass 

Rotational  speed  -  rpm 
Fressure 
Power  Offtake 
Power  Take  Off 
Pressure  Reducing  Valve 
Flow  -  Kg /sec. 

Specific  Fuel  Consumption 
Secondary  Power  Sysl  m 
Temperature 


INTRODUCTION 


Designing  a  Secondary  Power  System  is  an  exercis-  in  compromise,  balancing  the  fulfilment 
of  "desirable  requirements"  against  such  factors  Mass,  Volume,  Environmental 
conditions  and  engine  power  offtake,  and  producing  the  best  system  within  the  many 
constraints.  Because  the  Secondary  Power  System  is  driven  by  the  engine,  the  system 
should  be  designed  such  that  its  impact  upon  the  engine's  performance  is  minimised. 

Three  traditional  goal3  for  a  Tighter  engine  have  been  higher  power-to-weight  ratio, 
better  SFC  and  improved  reliability.  These  aims  have  resulted  in  the  development  of  the 
relatively  high  by-pass  ratio  muitispool  turbo  fan  engine,  with  its  smaller  Nmnx  ratio 

Nml  n 

higher  reheat-to-dry  thrust  ratio.  The  reheat  boost  on  a  3-spool  turbo  fan  engine 
can  be  as  high  as  70%  and  this  results  in  a  much  smaller  engine  than  its  3ingle  spool 
equivalent,  and  gives  a  much  better  cruise  SfC.  However,  the  smaller  core  engine  has 
a  smaller  core  mass  flow,  Hp  spool  size,  inertia  and  power,  and  because  engine  starting 
is  achieved  by  driving  the  Hp  spool,  it  follows  that  pm-'T  offtake  must  be  bukr.it  iVorn 
the  Hp  shaft  if  a  second  Lower  shaft  is  to  be  avoided.  ibis  offtake  now  becomes  a 
greater  percentage  of  the  total  energy  generated  by  that  spool.  Power  off-take  has  also 
risen  dramatically  during  the  past  30  years  (fig  2)  due  to  the  increasing  sophistication 
and  mnnoeuvrabi 1 i ty  of  the  weapons  system  requiring  gre-iter  electrical  and  hydraulic 
generating  capacity.  Both  trend.*;  make  SPH  design  more  difficult. 

In  order  to  appreciate  the  change  i*.i  engine  technology  and  power  offtake,  let  us 
consider  the  two  typical  engine-secondary  power  system  combinations  shown  on  Fig  3- 
Engine  A  is  a  single  shaft  turbo-jet  in  the  lb- 17, Odd  lb  reheat  thrust  class  weighing 
in  the  order  of  1,700  Kg.  Engine  B  Is  a  3-shaft  turbo-fan  of  a  similar  reheat  thrust, 
capability  but  weighing  only  l.GOOKg.  The  relative  .SFC's  at  mux  dry  arc  30  units,  lor 
engine  A  and  20  units  for  engine  B. 


For  the  next  generation  of  fighter  aircraft  Mi**  "survi  vr.bi  1  i  ty"  of  i-he  expensive  pilot 
ami  -i  I  r-oi-rt  ft  will  become  a  prime  criterion  of  design.  "Survivability"  in  this  context, 
involves  the  ability  r.n  ontmanoeu vre  and  outfight  the  enemy  weapons  system.  To 
facilitate  this,  tire  adva.'Opc}  fighter-  will  need  to  h.?  agile  Ihrowglnmi.  the  entire  sub 
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and  supersonic  regime.  This  aspect  will  have  an  immediate  effect  on  the  way  in  which 
the  power  offtake  demands  are  made  on  the  engine,  as  well  as  on  the  basic  engine  concept 
itself. 

The  aim  of  this  paper  is  to  look  at  the  configuration  constraints  presented  to  the 
systems  engineer  and  discuss  the  possible  ways  in  which  the  system  may  be  optimised 
using  the  technology  available  today.  The  paper  uses  this  rationale  in  order  to 
define  a  full  Secondary  Power  System  for  a  twin  engined,  unstable,  agile,  supersonic 
aircraft . 

We  will  consider  the  following  aspects: 

System  Requirements 
System  Constraints 
System  Optimisation 
Definition 

1 .  SYSTEM  REQUIREMENTS 

Primarily  we  arc  concerned  with  two  of  the  basic  areas  which  make  up  the  functional 
requirements  of  any  aircraft  system. 

Customer  requirements 

Technological  improvements 

Customer  requirements  will  specify  the  basic  parameters  that  the  customer  needs  in 
order  lo  meet  Elie  roTe  he  sees  for  his  aircraft.  For  example  these  could  be  :  - 

Aircraft  st.-te  of  readiness 
Engine  start  times 

Time  from  alert  to  aircraft  getting  airborne 
Type  of  standby  required 

Need  to  be  able  to  start  engines  without  systems  interrupt  following  standby 
Failure  modes 

-  Maintenance  requirements 
Throe »  In  turn,  will  establish:- 

Need  for  a  dedicated  secondary  power  system 

Need  for  an  auxiliary  power  unit 

Need  for  system  redundancy 

Ejector  bleed  requirements 

Type  of  cooling  system 

Technological  Improvements  are  the  result  of  advances  in  the  state-of-the-art  and  bring 
gnTTToanT  an v i rigs  HT  man’s,  volume,  or  life  cyole  cost  or  Improve  reliability  and 
mainta Inability . 

Examples  are:- 

Kvolutlon  of  the  Electrical  Generating  System 

U3C  of  new  lighter  materials,  titanium  magnesium  etc. 

i'lRil  r. pc-r it  accc.-i.-.orlcr. 

Microprocessor  control 

It  should  be  noted  that  the  requirements  for  an  ’agile*  ’unstable'  aircraft  by  neces¬ 
sity  force  the  systems  designer  into  seeking  improvements  in  technology  over  and  above 
the  "evolution”  of  a  product. 

All  these  requirements  must,  of  course,  be  accomplished  within  accepted  'Design 
.Standards'  (national  or  International  )  wh  i  idi  wi  1  1.  also  establish  test  requirements. 

V  .  .SYSTEM  CONSTRAINTS 

The  engineering  constraints  involve  the  consideration  and  minimising  of:- 

Knglne  Power  Offtake 
System  Heat  Rejection 
Mass  and  Volume 

Cost  iii’  <  > wne i  :.ii  i.  p . 
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Engine  Power  Orrtake 

Fig  4  shows  diagrammatically  how  the  engine  offtake  is  divided  between  .-ohanical  and 
bleed  for  a  typical  twin  engine  fighter.  Fig  5  gives  us  an  idea  of  the  waste  power 
which  must  be  rejected  as  heat  to  fuel  or  cooling  air  when  ^11  the  processes  are 
complete  and  it  is  thi3  factor  which  has  encouraged  BAe  Warton  to  do  extensive  Energy 
Management  studies  in  order  to  optimise  the  complete  energy  statement  of  the  aircraft. 

The  engine  is  predominantly  designed  to  thrust,  specific  fuel  consumption,  and  handling 
considerations.  Power  offtake  will  normally  affect  one  or  more  of  these  parameters  and 
to  avoid  unnecessary,  undesirable  effects  on  them,  the  systems  engineer  must  design 
systems  to  minimise  the  offtake  and  must  not  be  tempted  to  extract  power  irresponsibly. 

Power  offtake  is  not  constant,  but  varies  with  the  hydraulic  and  electrical  demands 
made  by  the  weapons  system  and  control  surfaces.  Fig  6  shows  a  typical  generalised 
compressor  characteristic  with  lines  or  constant  N/^T  plotted  against  compressor 
pressure  ratio  and  non-dimensional  mass  flow  MVT  .  Efficiency  islands  are  shown  in 

“P“ 

order  to  give  an  indication  of  the  balance  that  the  working  line  will  need  to  take 
between  the  most  efficient  line  for  the  engine  and  the  one  which  gives  adequate  surge 
margin  under  all  conditions.  Fig  6  also  shows  the  effects  of  power  offtake  and 
compressor  bleed  both  generally  and,  for  a  fixed  rpm,  condition.  Mechanical  power 
offtake  tends  to  push  the  engine  towards  surge,  while  air  ble^d  moves  the  engine  away 
from  surge.  The  wider  aspects  of  engine  acceleration  deceleration,  and  airflow 
distortion  have  been  added  to  Fig  6  in  order  to  give  a  better  understanding  of  the 
total  problem.  It  is  normally  the  adverr  '  combination  of  all  these  effects  which 
results  in  engine  surge.  It  i3  for  such  conditions  as  this  that  an  accumulator  is 
fitted  to  the  hydraulic  system.  However  all  of  these  adverse  effects  are  likely  when 
a  pilot  needs  to  take  sudden  evasive  action.  i.e.:-  demands  power  for  the  aircraft 
controls  probably  puts  an  acceleration  demand  on  the  engine  and  inflicts  airflow 
distortion  on  the  compressor  inlet  by  increasing  incidence  and  yaw. 

Fig  7  indicates  the  specific  quantitative  effects  of  mechanical  power  offtake  and 
compressor  bleed  on  nett  thrust,  SFC  and  %  surge  margin  for  a  particular  flight  case, 
for  one  spool  of  a  current  military  engine,  in  a  form  which  the  SPS  designer  can  use 
d  Lrect.ly . 

From  the  above  it  can  be  seen  that  the  extraction  or  power  offtake  reduces  thrust  and 
compromises  engine  matching  and  thereby  component  efficiencies.  Good,  cost-effective 
systems  design  will  result  from  a  consideration  of  engine  power  offLake. 

Secondary  Power  System  Heat  Rejection 

Even  for  a  fairly  efficient  Secondary  Power  System  the  heat  rejection  is  considerable. 
Reference  to  Fig  5  shows  that  the  predicted  heat  rejection  Trom  the  total  Secondary 
Power  System  (including  hydraulics  and  electrical  generation)  in  the  early  1980's 
would  be  of  the  order  of  100KW  at  normal  operating  conditions  for  a  twin-engine  aircraft. 
However,  optimisation  of  current  systems  has  resulted  in  considerable  improvement 
against,  t hi s  pred iction .  The  engine  and  secondary  power  heat  rejection  is  normally 
rejected  to  fuel  in  the  engine  feed  line  and  this  is  an  excellent  arrangement  if  the 
flow  to  the  engine  is  sufficient  to  absorb  all  the  heat  without  exceeding  the  engine 
f-,c.*l  inlet  temperature  limit.  This  c<>  dition  is  normally  met  when  the  engine  is  in 
reheat,  or  at.  max  dry  conditions.  Howe-er,  the  efficiency  of  llie  small  mul tispoulrd 
turbo  fan  is  such  that  at  cruise  engine  settings  when  the  fuel  flow  is  low,fue’  must 
either  be  recirculated  to  tank,  which  results  l.n  o  vise  in  bulk  fuel  tempera tu re ,  or, 
the  GPS  oil  must  be  cooled  by  ram  air,  again  with  the  attendant  drag  penalty.  Since 
fuel  may  be  used  to  cool  other  systems  it  is  more  practical  tc  use  the  fuel  as  a  heat 
sink  and  protect  the  aircraft  from  excessive  fuel  tank  temperature  by  means  of  an  air 
cooled  fuel  cooler.  This  system  involves  the  aircraft  in  a  drag  penalty,  therefore, 
reduction  in  heat  rejection  will  be  beneficial  both  directly,  by  reducing  cooler  weight 
and  volume,  and  ir directly,  by  reducing  drag. 

Mass  and  Vo.1  umc 

These  parameters  are  critical  for  any  component  which  is  part,  of  nn  aircraft  system. 

Gince  larger  and  heavier  systems  must  lead  to  a  larger  and  heavier  aircraft  it  follows 
that  more  fuel  must  then  be  carried  in  order  to  accomplish  the  same  mission.  However, 
by  engaging  in  a  complete  system  evaluation,  the  systems  engineer  can  establish  the 
exact  design  requirements  for  each  element  in  the  syritew.  This  will  now  ensure  thui 
each  component  wilL  weigh  only  that  which  is  necessary  to  obtain  system  performance. 

Studies  3how,  that  for  each  kilogramme  saved  at  this  stage  up  to  four  xg.  can  be  saved 
on  tnke-ofr  gross  weight.  ’Mils  in  turn  results  in:- 

A  cheaper  aircraft 

Reduced  fuel  for  the  same  mission 

Increased  engine  thrust  margin. 
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A  good  example  of  how  technological  advances  influence  the  component  weight  can  be 
seen  by  considering  the  development  of  the  A.C.  generator.  Fig  8  shows  bow  the 
specific  power  has  increased  fivefold  over  the  last  30  years.  The  weight  reduction  has 
been  accomplished  mainly  by  increasing  the  speed  of  rotation  or  the  generator  from 
6,000  to  24,000  rpra. 

This  feature  has  been  used  in  the  development  of  other  pieces  of  equipment  the  hydraulic 
pump  being  one,  where  a  proportional  increase  in  flow  results  from  an  increase  in  rpm. 

Some  components  have  changed  in  form  or  principal  of  operation.  New  materials  have 
been  introduced,  giving  mass  and  other  advantages.  New  processes  make  it  possible  to 
use  existing  materials  in  a  new  way  which  may  also  produce  a  mass  or  volume  advantage. 

Reduction  in  accessory  size  means  that  the  secondary  power  gearbox  can  be  1 ighter 
especially  if  the  use  of  high  speed  accessories  results  in  Taster  running,  lighter 
shafts  within  the  gearbox. 

However,  not  all  the  components  on  a  Secondary  Power  System  rotate  and  these  are 
unaffected  by  the  introduction  of  high  speed  parts.  Hence,  there  is  a  need  to 
miniaturise  valves,  electrical  controls  and  connections. 

Cost  of  Ownership 


Cost  of  ownership  is  the  factor  which  should  determine  the  validity  of  technological 
improvements  and  advances  in  the  state-of-the-art.  If  "improvements"  to  any  part  of  a 
complex  system  like  the  Second  ry  Power  System  are  introduced  at-  the  expense  of 
reliability,  maintainability  -r  overhaul  life,  then  tinu  and  co  t  of  repair  and  overhaul 
do  not  justify  the  "improvements".  This  is  particularly  true  when  a  completely  i"‘W 
system  concept  is  suggested,  then  great  care  must  be  taken  to  fully  analyse  all  the  cost 
and  spares  requirements,  and  aircraft  down  time  aspects  before  offering  a  solution. 

It  is  worth  noting,  in  passing,  that  cost  savings  resulting  from  weight  reduction 
amount  to  over  £20  per  aircraft  for  each  £1  invested  in  technology  aimed  at  weight 
reduction,  when  considering  a  large  aircraft  fleet  (500  -  1000). 

3.  SYSTEM  OPTIMISATION 

Having  locked  briefly  at  some  of  the  constraints  placed  upon  the  systems  designer,  we 
may  now  consider  some  of  the  options  which  are  open  to  him  as  a  result  of  current 
state-of-the-art  technology. 


3 . 1  The  Hydr aulic  Syst em  (reference  1 ) 


The  aircraft  hydraulic  system  has  traditionally  been  a  constant  pressure  system  with 
maximum  pump  power  proportional  to  flow  (stroke  x  rpm),  the  pump  characteristic  being 
shown  on  fig  9-  The  -gile  aircraft  with  Its  manoeuvrability  and  greater  incidence 
considerations  puts  increased  demands  upon  the  hydraulic  system,  and  the  problem  is  not 
helped  by  the  advent  of  control  technology  which  permits  maximum  demands  to  be  made 
anywhere  In  the  Plight,  envelope. 

A  number  of  solutions  have  been  investigated  including  "soft -cut -of f "  pumps  and  "constant 
power"  numps  whose  characteristics  are  also  shown  on  fig.  9. 


Design  studies  at  BAe  Warton  have  shown  that  a  considerable  saving  in  power  offtake  can 
be  made  by  varying  the  system  prc33urc.  Such  a  system  was  developed  for  the  PI  10 

aircraft  and  will  be  briefly  discussed  here. 
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Consider  a  system  which  is  required  to  deliver  3.Y  I /sec  at  2'/  MU/iif  per  pump  (one  pump 
per  gearbox).  This  is  100KW  of  fluid  power, or  125KW  with  losses,  per  engine.  Wh^n 
added  to  the  other  loads  on  the  engine  the  total  load  approaches  200KW  at  max  hydraulic 
demand.  Hence  the  shaded  area  on  fig  10  will  effectively  be  out  of  bounds  if  engine 
constraints  are  to  be  respected. 


It  has  also  been  shown  that  variation  in  maximum  hinge  moment  for  a  typical  primary 
control  surface  To  Hows  the  curves  shown  on  fig.  11.  This  means  that  at  lower  Mach 
numbers  and  higher  altitudes  the  control  forces  are  reduced.  If  the  load  curves  are 
plotted  then  these  can  be  converted  into  lines  of  constant  pressure  (fig  12)  which  in 
turn  can  be  smoothed  out  into  curves  which  can  be  expressed  in  two  variables  Mach  No. 
and  altitude. 


Or  future  aircraft  the  parameters  necessary  for  pump  "scheduling"  will  he  obtained  from 
the  air  data  system  and  by  means  of  modern  microprocessor-based  computers,  the  pump 
output  pressure  will  be  controlled  as  required. 

o 

Assuming  that  a  minimum  pressure  oT  15  MN/m**  is  decided  upon,  the  hydraulic  power  demand 
in  the  case  considered  reduces  to  55KW  which  results  in  an  increase  of  the  'unlimited  1 
f'Ltght  envelope  of'  about  5 , UOOf fc .  Besides  this  gain,  a  reduction  in  total  hydraulic 
energy  usage  in  each  flight  will  give  a  saving  in  fuel  and  a  reduction  in  heat  rejection. 


3 . 2  The  Electrical  Generating  System 


This  In  currently  a  fairly  efficient  and  demand  conscious  system  of  power  distribution 
and  the  electrical  loads  on  the  aircraft  tend  to  be  fairly  constant  or  switched  on  and 
off  as  required.  Demand  is  not  affected  by  Mach  No  or  altitude.  Some  components,  e.g. 
fuel  boost  pumps  a^e  a  Function  of  engine  condition  and  could  be  matched  to  engine  rpm 
rather  than  continue  as  constant  speed  A.C.  pumps. 

The  advent  of  microprocessor  based  control  would  facilitate  the  matching  of  Tuel  boost 
pumps  to  engine  conditions , and  the  careful  application  of  maximum  heating  loads  to  the 
various  missiles  and  stores.  It  would  also  allow  load  shedding  following  the  failure 
of  one  generator.  However,  current  studies  at  Warton  indicate  that  the  saving  is  small 
and  suggests  that  this  complication  is  not  cost-effective  on  the  current  aircraft. 

3-3  The  use  of  the  AFU  in  flight  (reference  2) 

This  seems  at  first  glance  to  be  an  ideal  mechanism  for  improving  the  engine  power 
offtake  situation,  the  API)  taking  part  of  the  offtake  otherwise  supplied  by  the  engine 
in  critical  engine  conditions  (low  speed,  high  altitude!.  However,  a  brief  examination 
of  this  proposal  highlights  the  following  problems:- 

3.3*1  ins tall at i on 


The  Intake/exhaust  system  must  be  so  designed  as  to  allow  the  APU  to  remain  operative 
even  in  conditions  in  which  the  main  engine  may  be  subject  to  appreciaole  flow 
distortion.  An  installation  using  a  flush  Intake  on  the  lower  surface,  feeding  an 
inlet  plenum  chamber,  should  he  relatively  unaffected  by  Incidence  and  sideslip  effects. 
An  outlet  on  the  upper  surface  would  enable  the  benefit  of  any  positive  pressure 
difference,  especially  at  high  incidence,  to  be  used.  This  arrangement  reduces  the 
effect  of  ram  pressure  on  power  output  with  increasing  speed,  but  could  eliminate  the 
necessity  for  a  separate  source  or  emergency  power.  However,  this  installation 
requires  considerably  more  volume  than  the  simple  ram  intake /exhaust  system  and  this  is 
considered  an  unacceptable  penalty. 

3.3.?  Light  Up  and  Running  the  APU  at  altitude 

Studies  at  Warton,  which  are  borne  out  by  existing  in-flight  APU  applications  (Civil 
aeroplanes,  etc),  indicate  that  even  a  large  APU  will  not  ret'.ily  light-up  above  25,00urt 
or  run  reliably  above  35,000  ft.  This  is  mainly  because  of  the  effects  of  Reynolds 
number,  blade  thickness  and  blade  tip  clearance. 

3 . 3 . 3  APU  bay  becomes  a  fire  /one 

The  use  of  a  dedicated  in-flight  APU  would  require  the  APU  to  become  a  fire  zone  with 
dedicated  fire  protection.  This  would  add  to  the  mass/volume  penalty,  as  well  as 
increasing  the  hazard  situation. 

3 . 3  .  '4  APU  Augmentation 


It  is  almost  certain  that  for  the  APU  to  carry  part  of  the  total  power  offtake  over  the 
full  flight  regime,  it  would  require  some  Torm  of  augmentation.  Two  systems  have  been 
the  subject  of  studies  at  Warton.  The  first  requires  the  use  of  oxygrn  enrichment  and 
ifi  not  generally  considered  to  be  mans  and  on  si.  effective.  The  second  requires  main 
engine  bleed  r.lr  t.o  be  fed  directly  to  the  APU  combustion  chamber  progressively 
closing  down  the  passage  between  the  APU  compressor  and  combustion  chamber  with  aititud-. 
Although  this  second  alternative  appears  to  offer  a  viable  solution  it  is  again 
expensive  and  heavy. 

From  the  studies  into  in-flight  APU's  carried  out  at  Warton  it  is  found  that  the 
efficiency  of  the  main  propulsion  engine  in  producing  power  offtake  even  when  the 
penalties  of  so  doing  are  taken  into  consideration,  is  still  sufficient  to  render  the 
mass  penalty  of  any  approach  utilising  sr.  in  flight  APU  uoaorent  ahl  e  for  a  twin-engined 
aircraf t . 

3 .  *4  Tiir  use  ni  i.ngino  bleeds  to  improve  Power  Offtake  capability 

Two  methods  of  optimising  stage  matching  may  be  U3ed  : 

(i)  use  of  variable  geometry  guide  vanes 
( 1 i )  use  of  'blow-cTf'  or  'bleed'  valves 

In  the  second  case  whe-  **  the  engine  uses  Ip  and/or  Hp  blow-off  valves,  net  to  operate 
at  a  certain  engine  inlet  condition,  e.g.  Hach  No.  altitude,  total  pressure  etc.,  these 
bleed:,  could  be  used  to  augment  power  offtake. 

Air  bled  from  the  engine  compressor  exit,  'blow-off'  valves  at  present , passes  into  the 
eiigi.uu  by-pas;;  duet,  with  nr»me  rout  r*it»yt  1  nn  to  engine  thrust.  This  will  be  small, 
and  the  air  may  he  hetter  used  to  provide  power  additional  to  the  shaft  power  offtake, 
by  expansion  through  a  turbine.  This  would  have  the  effect  of  reducing  the  shaft  power 
required  to  meet  r»  particular  pnw»r  demand,  which,  in  turn,  would  restore 

compressor’  surge  margins,  or  enable  a  reduction  in  the  'bleed'  vaive  air  liuws  u/  -,e-  niduc . 
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Examples  of  the  level  or  power  which  could  theoretically  he  extracted  from  the  'blow- 
off'  valve  flow  at  say,  1 .OM/50 , 000ft  are:- 

(a>  Ip  bl eed ,  assume  0.5Kg/sec  at  175  kPa  and  500°K  can  be  extracted.  If  expanded 

through- a  turbine  to  ambient  at  80%  efficiency  this  would  i vc  approximately  100Kw 
(neglecting  duct  losses). 

(b)  Hp  bleed ,  assume  0.25Kg/sec  at  ^50  kPa  and  700°K  can  be  extracted.  If  expanded  - 
with  some  reduction  in  tapping  pressure  to  give  a  feasible  pressure  ratio,  would 
give  approxJmat  .ly  70Kw.  Whilst  these  levels  of  power  are  not  always  practically 
achievable,  the  potential  power  available  in  compressor  matching  bleed  flows  is 
considerable . 

Additional  power  could  be  generated  by  the  use  of  a  bleed-and-burn  system,  with  the 
penalty  of  the  fuel  flow  required. 

The  penalty  of  extracting  and  utilising  such  'bleed'  now  is:- 

the  loss  of  thrust  recovered  when  the  flow  is  directed  into  the  fan  duct  -  this  is 
small,  however,  when  compared  with  the  loss  of  thrust  due  to  extracting  that  bleed 
from  the  core  engine . 

~  the  mass  of  the  bleed  ducting  and  turbine  together  with  the  necessary  mechanical 
drive  from  the  turbine. 

It  is  also  worth  mentioning  that  bleed  extraction  is  not  normally  required  within  the 
normal  (Ig)  envelope  so  that  we  are  talking  of  optimising  the  systems  in  order  to  achieve 
the  maximum  potential  of  the  aircraft. 

1  - 5  Use  of  Engine  Bleeds  to  augment  the  mechan leal  offtake  (reference  2) 

One  way  in  which  this  concept  could  be  utilised  5  by  making  use  of  a  pneumatic  link 
between  the  aircraft  AP U  and  gearbox-mounted  air  urbine  starter  motors,  which  could 
also  be  used  in-flight  for  a  pneumatically  linked  crossdrive.  The  necessary  ducting 
wo  ild  then  be  available  to  be  utilised  in  the  Air  Turbine  Starter  on  the  gearbox  driven 
by  that  engine  to  boost  the  power  input  available  as  shaft  power,  when  the  engine 
compressor  bleed  valves  are  open.  A  schematic  of  a  'Pneumatic  Link'  system  of  this  type 
is  shown  in  Tig  13-  In-flight  when  the  system  is  required  to  operate,  the  air  turbine 
would  extract  a  nominal  bleed  flow  from  either  the  Ip  or  Hp  compressor,  as  required  to 
optimise  the  engine  spool  matching.  The  torque/speed  character  1  at  1  ■  of  the  air  turbine 
would  be  arranged  so  as  to  provide  a  nominal  power  to  the  gearboxes.  The  control  system 
would  need  to  be  so  designed  so  as  to  prevent  the  air  turbine  motor  providing  the  full 
requirements ,  since  this  would  allow  the  air  turbine  to  drive  the  secondary  ~»wer  system 
completely,  allowing  the  PTO  shaft  to  become  off-loaded  and  thus  producing  a  hunting 
situation  between  the  two  drives.  It  would  also  ensure  that  core  en-ine  thrust  is  not 
compromised  by  the  extraction  of  too  much  bleed  air.  Since  we  are  outs ide  t he  1 g  flight 
envelope, th-  engine  is  operating  at,  or  near  maximum  conditions,  (including  rpm). 
Therefore  by  making  the  air  turbine  characteristics  follow  some  unique  function  oT 
engine  Intake  total  pressure  (say),  we  should  be  able  to  obtain  compatibility  be*  »een 
the  two  inputs  and  ensure  that  the  air  turbine  power  is  always  usej  tilly  employed. 

Oilier  control  system;;  might  be  envisaged  or  the  gearbox  could  be  designed  so  that  part, 
of  the  gearbox  (that  driving  the  hydraulic  pump  for  example),  co.’ltl  be  driven  at  a 
higher  speed  by  the  air  turbine,  thus  off-loading  the  P.T.O.  shaft  of  that  power 
requirement , 

U.  DEFINITION  OF  AN  "OPTIMISED"  SECONDARY  POWER  SYSTEM 

In  this  section  we  shall  look  at  the  design  for  a  Secondary  Power  System  for  which  the 
requirements  were  such  as  to  need  some  of  the  features  described  in  Section  3-  BAe 
Warton  designed  a  complete  Secondary  Power  System  for  an  "agile"  twin  engined  fighter, 
the  PilO.  This  aircraft  has  now  become  the  ACA  being  built  In  collaboration  with  our 
partners  M.B.D.  and  A.I.T.  The  system  requirements  are  similcn,  requiring  the  optimise 
tion  of  the  Secondary  Power  System  in  order  to  maximise  the  full  potential  of  the 
weapons  system. 

The  P110  system  was  required  to  be  flexible,  simple,  co3t-ef f ec t i ve  and  extremely 
r  > iable,  and  because  of  the  'unstable'  nature  of  this  aircraft  there  was  a  basic 
requirement  to  maintain,  fully  functional,  at  all  times:- 

1  engine 

1  Hydraulic  Pump 
1  IDG 

The  following  additional  features  wer^  also  necessary :- 

Ground  standby  capability 
Systems  heck-out  capability 

F.pp  In"  starting  (without  eler»tr',,al  systems  interrupt) 

Independence  of  ground  .suppe.  i  quipment 


9-7 


The  need  for  flexibility  coupled  with  coat  effectivenecs  suggested  a  pneumatic  link 
system.  This  system  shown  in  fig.  13  comprised  the  following 

Two  airframe  mounted  gearboxes  which  could  be  driven  either  by  PTO  shafts  or  the 
gearbox  mounted  Air  Turbines.  Each  gearbox  drives :- 

2.9  1/sec  27  MN/m^  hydraulic  pump 
-  40/60  KVA  I.D.G. 

10  Kg/sec  First  Stage  Fuel  Pump 

-  APU  remotely  mounted  delivering:- 

Pneumatic  power  for  gearbox  checkout  engine  starting  and  ECS.  It  also  provides 
mechanical  power  to  drive  a  20 /30  KVA  Alternator  in  order  to  provide  standby  electrical 
power. 

Operating  Modes 

(i)  Mechanical  Each  engine  drives  its  own  gearbox  via  a  PTO  shaft. 

( ii )  Pneumatic 

(a)  Engine  dr t yen  Either  gearbox  could  be  driven  via  the  air  turbine  by 
compressor  bleed  air  from  either  engine.  Each  engine  was  protected  by  a 
check  valve  and  the  system  was  fed  through  a  pressure  regulating  shut  off 
valve.  Air  could  then  be  fed  to  the  Secondary  Power  System  via  the  SPS  shut¬ 
off  valve  and  Air  Turbine  Control  Valve  and/or  to  the  Environmental  Control 
System  via  an  ECS  shut  off  valve. 

(b)  APU  driven  The  APU  drove  either  gearbox  via  the  Air  Turbine  Control  Valve 
and  its  own  check  valve.  ECS  air  was  supplied  via  the  ECS  shut-off  valve. 

j  The  system  offered  other  advantages  which  we  will  look  at  briefly:- 

•  (i)  The  APU  was  remotely  located  giving  the  desired  j nstallational  flexibility. 

An- electr ical  generator  was  fitted  to  the  APIJ,  large  enough  to  allow  electrical 
systems  check-out  and  standby,  but  small  enough  so  as  not  to  compromise  the  APU 
pneumatic  output.  This  feature  meant  that  the  ground  running  requirements  could 
be  achieved  without  running  the  gearboxes,  other  than  for  a  short  duration 
|  hydraulic  check-out  (e.g.  leakage  check).  It  was  envisaged  that  the  complete 

1  hydraulic  system  would  nominally  be  fully  checked  following  engine  start.  The 

'  APU  was  self  cooling. 

(ii)  The  gearboxes  were  be  sic  spur  gearboxes  with  no  complex  control  functions,  they 
were  simple,  light  ar.-l  inexpensive.  By  designing  the  APU  to  be  used  in  the 
ground  running  mode  the  overhaul  life  of  the  gearboxes  was  expected  to  be  high, 
and  linked  directly  to  engine  running  hours. 

(ill  Secondary  Power  System  Cooling  was  simplified  by  not  having  to  cope  with  heat 

rejection  in  the  standby  mode.  The  fuel  war  not  needed  as  a  heat  3ink,  which  meant 
an  increase  in  mission  effect i venes3 ,  following  standby,  particularly  for  the 
,  ’hot-day1  considerations. 

I  ,  (iv)  ECS  air  was  readily  available  during  APU  running  as  was  air  for  ejector  cooling 

!  Tor  any  systems  requiring  this  form  or  cooling. 

(v)  Engine  starting  would  be  achieved  by  motoring  up  the  gearboxes  and  engines  1* 

means  of  the  air  turbine  starters , electrical  supply  being  maintained  by  the  Ai'U 
i  generator  until  the  IDO  came  on-line.  A  mechanical  disconnect  between  engine  and 

^  J  gearbox  allowed  for  the  gearbox  to  be  driven  in  isolation  but  meant  that  the 

>  gearbox  needed  to  he  stopped  in  order  to  engage  the  engine. 

j  i 

I  (vi)  Air  urbine  starters  and  control  valves  were  existing,  cost-effective  equipment,  which 

j  f  gave  a  ’soft  *  connection  between  the  APU  and  gearbox/engine. 

i  In  the  engine  running  mode  the  gearboxes  were  driven  mechanically  via  the  P.T.O. 

shaft.  Following  engine  failure  or  shut-down  in-flight  the  gearbox  of  the  failed 
I  engine  would  be  driven  pneumatically  Trom  the  gooo  engine.  This  would  maintain 

•  surge  margin  on  the  engine  at  the  expense  of  a  small  amount  of  thrust.  The  use  of 

a  pneumatic  link  cross-drive  system  was  calcualted  to  give  full  system  capability 
at  altitudes  above  the  Mg'  flight  envelope.  The  enhancement  was  certainly 
desirable  if  not  necessary,  considering  the  role  of  the  weapons  system. 

Although  not  specifically  included  in  the  basic  design  the  use  of  bleed  air 
augmentation  would  have  been  a  very  useful  development  exercise  since  this  would 
i  have  given  full  systems  cr.pability  (full  Apr  capability  with  aircraft  manoeuvring 

and  engine  ha'  iling)  well  above  the  Mg'  env.lope. 
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( vii JHydraul io  System 

The  variable  pressure  hydraulic  system  (Sect.  3)  was  also  included  in  the  basic 
P1 10  design,  giving  a  further  enhancement  of  engine  power  offtake. 

CONCLUDING  h  ARKS 

(i)  Engines  of  the  same  thrust  class  have  become  smaller  and  more  efficient.  The  part 
of  the  engine  from  which  power  offtake  is  extracted  has  also  decreased  in  size. 

Fig  3. 

(ii)  Power  offtake  required  from  the  engine  by  the  airframe  .  yst.ems  has  increased  over 
the  same  timescale,  making  the  Secondary  Power  System  problem  more  difficult. 

(iii) Good  component  and  syst<  design  can  influence  the  amount  of  power  offtake  taken 
from  the  engine,  and  tailor  it  to  respect  engine  offtake  capability. 

(iv)  A  system  designed  to  optimise  engine  power  offtake  can  give  full  systems 
capability  well  beyond  the  normal  flight  envelope  without  compromising  either 
engine  or  aircraft  performance. 
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Fig  9  Hydraulic  Pump  Characteristics 
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^Design,  analysis,  and  testing  has  be*n  conducted  on  a  hot  gas  rotary  vane  motor  for 
aircraft  APU  starting  over  the  environmen  temperature  range  of  -65rF  to  +1 30 54°C  to 

-  l,  V  , 

Experimental  testing  of  the  motor  was  conducted  with  gaseous  nitrogen  and  with  hydra¬ 
zine  based  monopropellant  hot  gas  decomposition  products.  Initial  testing  indicated  prob¬ 
lems  with  excessive  gas  consumption  and  binding  of  parts  due  to  differential  expansion. 
Subsequent  revision  to  the  motor  configuration  reduced  gas  consumption  by  52  ■fce-reent’ 
compared  to  the  original  baseline  and  eliminated  end  clearance  sensitivity.  Analytical 
studies,  verified  by  test  results,  indicated  the  effect  of  friction  coefficient,  vane 
weight,  venting,  and  blade  linking  on  overall  internal  friction.  Design  approaches  were 
evolved  to  minimize  overall  friction  and  loads  on  the  vanes. 


With  design  revisions  implemented  to  solve  initial  problej 


a  motor  successfully 


demonstrated  operation  at  environment.il  temperatures  down  to  -65^F  as  well  as  repeated  re¬ 
start  capability.  Design  criteria  have  feeeri  evolved  to  allow  application  of  the  rotary  vane 
motor  to  specific  aircraft  starting  requirements.  „-jr 


NOMENCLATURE 


base  area  of  vane 
radial  component  of  acceleration 
tangential  component  of  acceleration 
empirical  constant,  0.25 
constant,  0.7 

tip  force  between  vane  and  stator 
contact  force  at  end  of  vane 
reaction  force  at  banc  of  vane 
height  of  vanp  exponrd  beyond  rotor 
proportionality  constant,  788  ft-lhf/Rtu 
length  of  vane  within  rotor  slot 


force  produced  by  pressure  differential  acting  over  exposed  vane  area 

vane  base  pressure 

vane  tip  pressure 

ideal,  available  energy,  Dtu 

actual  available  energy,  Dtu 

energy  loss  due  to  friction,  Btu 

energy  loss  due  to  leakage,  Btu 

energy  Iona  due  to  heat  flow,  : u 

energy  required  to  produce  desired  performance,  Btu 
vane  thickness 


radial  force  due  to  acceleration  acting  on  blade  masn 

tangential  force  due  to  accleration  acting  on  blade  mass 

length  of  vane  within  rotor  Blot 

actual  efficiency 

ratio  of  specific  heats 

coefficient  of  friction 


\o~: 


SUBSCRIPTS 

.1  -  inlet  control  volume  between  blades 

2  -  iaentropic  expansion  from  condition  1  to  control  maximum  volume 

3  *  ambient  atmospheric  conditions 


CONCEPTUAL  DESIGN 

Current  military  aircraft  auxiliary  power  units  (APU's)  are  generally  started  with 
either  a  battery  powered  electric  motor  or  with  a  pneumatic  accumulator  driven  hydraulic 
motor.  At  low  temperatures  (-40°F  to  -65°F)  these  systems  often  contain  insufficient 
energy  for  a  single  start  attempt  and  have  no  capability  for  restart. 

A  review  of  the  problems  and  shortcomings  of  the  current  pneumatic-hydraulic  APU 
starter  concept  has  led  to  the  definition  of  an  advanced  apu  starter  system.  This  system 
employs  a  high  pressure  hot  gas  source  in  a  rotary  vane  expander  as  the  prime  mover  to 
start  the  APU.  in  the  baseline  design,  the  hot  gas  is  provided  by  the  decomposition  of  a 
hydrazine-based  fuel  blend  although  other  hot  gas  sources  could  be  employed. 

The  major  benefits  to  be  derived  from  this  type  of  advanced  system  include? 

1.  Reduced  weight  and  volume  for  a  single  start. 

2.  Multiple  start  capability  with  minimal  time  between  restarts. 

3.  True  -65°F  system  start  capability. 

A  conceptual  sketch  of  the  system  is  shown  in  Figure  1  which  also  includes  a  schematic 
of  the  system  approach.  High-pressure  nitrogen  is  contained  in  a  removable  pressure  vessel 
(2}  and  provides  the  gas  source  for  pressurizing  the  fuel.  The  gas  control  valve/regulator 
(4)  may  be  permanently  installed  in  the  aircraft  and  regulates  nitrogen  pressure  to  the 
fuel  tank.  The  hydraz ine-baaed  fuel  nupply  is  contained  in  a  removable  positive  expulsion 
pressure  vessel  (5)  ,  The  fuel  control  valve  (6)  sequences  startup  flow  to  assure  that  the 
maximum  torque  limits  are  not  exceeded  as  the  gas  generator  (7)  decomposes  fuel  into  hot 
gas  and  delivers  it  to  the  hot  gas  moto;;  (8).  Fuel  and  gas  capacity  may  be  sized  to  provide 
the  desired  number  of  starts  prior  to  refilling  the  tankage. 

Technology  exists  for  all  components  of  the  system  except  for  the  hot  gaa  rotary  vane 
expander.  This  paper  discusses  the  design,  analysis  and  test  efforts  conducted  to  develop 
the  device.  This  work  was  conducted  by  Rocket  Research  Company  under  contract  F33615-7 6-C- 
2148  with  the  Air  Force  Aeropropuls ion  Laboratory,  Air  Force  Systems  Command,  Wright- 
Patterson  AFB,  Ohio. 


f  iuun*  |.  Hydrailne  APU  Sljrler  <  iwxept 
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STARTER  OPERATING  REQUIREMENTS 

The  design  requirements  for  the  hot  gas  rotary  vane  expander  were  based  upon  the  torque 
speed  characterist ics  of  an  advanced  APU,  which  Is  Celt  to  represent  the  most  stringent 
starting  requirements  for  future  aircraft.  These  requirements  are  3hown  in  Figure  2  for 
three  ambient  temperatures,  The  critical  requirement  occurs  at  -65°F  (-54°C)  where  a  high 
breakaway  torque  is  required  at  zero  speed,  with  a  second  torque  peak  slightly  above  20,000 
rpm  (2,090  rad/s).  A  10:1  gearbox  reduces  the  required  motor  speed  to  a  reasonable  opera¬ 
ting  range  and  increases  the  required  motor  torque  by  the  same  factor.  Since  the  torque 
speed  curve  for  the  rotary  vane  expander  is  relatively  flat,  the  midspeed  range  was 
selected  as  the  design  point  for  the  motor,  including  allowances  for  gear  box  efficiency 
(85  percent)  and  a  32-percent  torque  margin. 


BASELINE  MOTOR  DESIGN  DESCRIPTION 


The  dimensions  of  the  motor  and  porting  arrangements  are  shown  in  Figure  3.  For  high 
expansion  ratio  and  adiabatic  efficiency,  the  arc  of  admission  must  be  kept  small, 
generally  less  than  17  degrees  (0.3  rad).  In  this  range  Reference  (1)  shows  efficiency 
improvement  up  to  as  many  as  12  vanes.  Tradeoffs  of  rotor  and  vane  strength  led  to  a 
baseline  motor  design  with  eight  blades. 


Fijpire  2.  Starter  Syitem  Envelope 


Figure  3.  Rotary  Vane  Motor 


The  major  parts  of  this  mote-,  shown  in  cross  section  in  Figure  4,  include  the  ball¬ 
bearing  mounted  rotor,  sight  rotor  vanes,  the  stator  shell,  end  plates  which  support  the 
rotor  bearings  and  position  the  rotor  eccentrically  in  the  stator  bore,  and  various  seals 
and  springs.  Each  end  plate  contains  an  eccentrically  mounted  boas.  These  retain  flexible 
split  cam  ringa  which  bear  on  the  base  of  each  blade  and  provide  a  force  to  preload  the 
blades  against  the  stator.  The  mating  contact  points  on  the  blades  are  provided  with  metal 
slippers,  pi imed  to  the  vane.  Segmented  end  seals  located  circumferentially  between  the 
vanes  at  both  ends  of  the  rotor  are  spring  loaded  against  the  end  plates  to  minimize 
leakage  to  the  bearings.  The  bearings  are  further  protected  from  hot  gas  by  deflectors 
arranged  in  labyrinth  form  together  with  large  overboard  vents  to  preferentially  duct  gas 
away  from  the  bearings.  The  disassembled  motor  is  shown  In  Figure  5. 


Motor  clearances  were  established  based  on  a  combined  structural  and  thermal  analysis 
assuming  nominal  gas  inlet  conditions  of  1,000  psig  (6,895  kPa)  and  1,600°F  (871  C) ,  and 
deflection  occuring  due  t  '  pressure  loading  as  well  as  thermally  Induced  stresses.  Major 
materials  of  construction  include: 


Rotor 
Stator 
End  Plates 

Deflectors  k  Bearing  Seats 

Split  Cam  Rings 

Vanes 


W.iapaloy 
Hastelloy  C 
Hastelloy  c 
Titanium  LAI-4V 
inconel  X-750 
P-658  RCR  Carbon 
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THERMAL-STRUCTURAL  ANALYSIS 


A  computer  program  was  prepared  to  assist  the  structural  design  by  predicting  the  temp¬ 
erature  of  major  piece  parts  in  the  motor.  Thermal  networks  were  established  representing 
conduction,  convection  and  radiation  modes  of  heat  transfer.  The  conduction  network  is 
shown  in  Figure  6. 
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A  detailed  thermal  network  was  employee1  to  accurately  predict  local  thermal  gradients 
and  hot  spots.  Such  predictions  are  import  it  because  they  are  UBed  for  thermal  expansion 
and  rotor/vane/stator  tolerance  determination.  Such  '  ^lerancing  Is  critical  due  to  the  op¬ 
posing  requirements  to  minimize  leakage  losses  whi!  .eventing  metal-to-metal  contact  and 
motor  seizure. 

The  thermal-structural  model  consists  of  62  nodes,  82  conduction  resistance  elements, 
86  convection  resistance  elements,  and  60  radiation  elements.  Nodal  finite  difference  heat 
balance  equations  are  solved  on  a  CDC  6600  computer  with  a  500-node  capacity  thermal  analy¬ 
sis  program. 

Externally  the  motor  was  assumed  to  b2  exposed  to  ambient  air  ranging  from  -65°  to 
+  130  F  (-54°  to  +54°C) .  Fi.ee  convection  was  assumed  along  with  radiation  to  the  ambient 
environment.  Conduction  coupling  of  the  motor  by  the  relatively  massive  gearbox  and  APU 
was  assumed  to  be  minimal  due  to  til—  rapid  transient  involved. 

B ■* s u d  on  performance  calculations  and  anticipated  operational  procedures,  cold  and  Lot 
environment  thermal  analyses  were  made  assuming  12-  and  /-second  firings  tor  the  low  and 
high  temperatures  respectively,  followed  by  a  1-minute  soakback,  subsequently  followed  by 
another  firing  and  soakback  period. 

Hainr  local  piece  part  temperatures  resulting  £>.  om  the  a  alysis  are  plotted  in  Figures 
7,  8,  and  9.  Figure  7  shows  significant  thermal  gradients  exist  in  the  rotor  and  vanea  from 
root  (node1  17  and  19)  to  exposed  endfc  (nodes  18  and  20).  Node  17  is  0.7  inch  (18  mm) 
radially  in  the  rotor  from  the  surface  node  IB.  Node  19  is  1.26  inches  (32  am)  inside 
the  van*  fru<  urface  node  20. 

Figure  8  shows  temperature  gradients  for  structn  en  situated  near  the  bearings,  plus 
jcadients  within  the  beating  themselves.  Figure  9  shows  typical  stator  case  temperature  and 
gradients. 


F  Ijurr  7.  Rotor  jnd  Vane  1  ranitent  T em|*r»nir«  (Hot  Environment) 
PERFORMANCE  ANALYSIS 


F  igurc  H.  Bearing,  Shaft,  and  Homing  T ransler.t  T emperjtures 
(Hot  Environment) 


Performance  analyses  were  conducted  to 
predict  motor  speed  and  fuel  consumption  as 
a  function  of  hot  gas  inlet  pressure.  The 
analyses  also  calculated  shaft  power 
available  out  of  the  gearbox,  torque 
(available  and  required),  motor  efficiency 
and  heat,  leakage,  and  friction  energy 
losses.  For  the  analysis,  the  motor  was 
divided  into  a  nodal  network  (similar  to  the 
thermal-structural  analysis  but  with  less 
nodes)  as  shown  in  Figure  i  •' ,  and  finite 
difference  transient  solu  .m  techniques 
were  used  for  performance  analysis. 

Leakage  and  friction  Iosb  calculations 
were  based  upon  work  performed  under 
contract  by  Professor  C»  H.  Wolgemuth  of 
Pennsylvania  State  University.  The 
performance  model  is  developed  ar  and  the 
ideal  energy  available  from  the  general 
expander  open  cycle  depicted  in  Figure  11. 
Summary  work  around  the  cycle  qives  the 
following  expression  (Eq.  1)  f  »r  Ideal 
energy  available, 


0  1114  8a,  9  I  1  1  4  8  •  > 

Mr*  a  to  10  ID  40  ro  n  uc*  o  I  10  i» 

MU  MINum 


MpJrf  9.  Sutor  Lot  j|  T  ranUent  T>mf>rr4Uirri  (Hut  Environment) 


Qi  - 


(p,v.  -  p,v,» 


1V1  r2v2 
(  -  l)  J 


-  +  (P.,  -  P,) 


(1) 


Thy  heat,  friction,  and  leakage  losses  must  be  subtracted  from  Q.  to  calculate  the 
actual  output.  This  results  in  the  following  expression  (Eq.  2)  for  the  efficiency  of  the 
motor: 


Q1  ~  <Qg  +  °F  1  _°i.l 


(2) 


The  available  energy  to  produce  useful  shaft  work  is  then  calculated  from  (Eq.  1): 

>  A°1 


(3) 


If  Q_  is  greater  than  the  energy  required  by  a  sufficient  margin,  the  motor  design  is 
satisfactory. 
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Figure  12.  Predicted  Sutler  Performance 
COLD  GAS  TESTING 


The  thermal-performance  computer  program 
was  utilized  to  analyze  the  motor 
performance  over  the  temperature  range  of 
-65°P  (-54°C)  to  +130°F  (+54°C)  .  This 
analysis  indicated  that  an  inlet  pressure 
to  the  motor  of  1,500  psia  (10,340  kPa) 
was  required  to  produce  the  desired 
acceleration  rates. 


Figure  12  presents  typical  performance 
predictions  for  the  motor  over  the 
environmental  temperature  range  showing 
speed  and  propellant  consumption  versus 
time.  As  noted,  the  analysis  predicts  the 
motor  will  crank  the  APU  to  5,000  rpm  (524 
rad/s)  in  6  to  10  seconds  and  that  the 
fuel  consumed  per  start  ranges  from  0.97 
to  1.34  lbm  (0.44  to  0.61  kg).  More  fuel 
is  expended  at  the  lower  temperature  due 
to  the  higher  APU  torque  requirements. 
The  analysis  indicates  that  leakage 
losses  are  predominant  at  low  speeds,  and 
frictional  losses  control  at  high  speeds. 


Initial  test  efforts  were  conducted  with  high-pressure  gaseous  nitrogen  to  character¬ 
ize  the  motor  operation.  The  test  schematic  for  this  phase  of  the  testing  is  shown  in 
Figure  13.  As  noted,  the  starter  motor  is  coupled  to  a  flywheel  via  an  overrunning  clutch, 
and  motor  startup  is  controlled  by  a  pressure  ramp  generator  in  the  test  system. 


The  flywheel,  .clutch,  shaft  and  other  rotating  parts  have  a  combined  inertia  of  27,7 
lbf-ft2  (1.17  kg-m2)  and  were  sized  to  produce  the  same  time  to  reach  5,000  rpm  (524  rad/s) 
as  would  occur  with  the  actual  APU  torque  curve  of  Figure  2  although  the  slopes  will  differ 
throughout  the  run.  The  nominal  flywheel  is  a  compromise  between  ambient  and  high  temper¬ 
ature  requirements.  A  second  flywheel  with  an  assembly  inertia  of  41.2  lbf-ft2  (1.74  kg-m2) 
is  employed  to  simulate  the  -(>5°F  (-54°C)  APU  torque  requirement. 

initial  cold  gas  testing  consisted  of  stall  torque  tests  to  assure  maximum  torque 
1'  were  not  exceeded.  With  1,000  psig  (6,89G  kPa)  Inlet  pressure  and  the  vane  directly 
un> *  the  inlet,  measured  stall  torque  was  80  ft-lbf  (10B  N-m) .  The  maximum  permissible 
torque  is  120  ft-lbf  (163  N-m).  with  the  inlet  pressure  held  constant  at  300  psig  (2,070 
kPa)  and  the  vane  position  varied  in  5°  (0.09  rad)  steps,  the  stall  torque  varied  from  30 
to  60  ft-lbf  (41  to  81  N-m). 


Following  the  stall  torque  teats,  initial  spinup  testa  were  attempted.  These  initial 
testB  revealed  clearance  problems,  vane  breakage  at  the  cam  ring  interface,  and  excessive 
end  seal  drag.  Subsequent  tests  with  phenolic  vanes  jnd  design  changes  to  the  cam  ring 
eliminated  tliulic  problems,  and  vent  u lute  were  added  to  the  vancu  to  provide  improved  force 
balance  and  increased  performance. 

Final  cold  gaB  testing  was  conducted  with  carbon/carbon  composite  vanes  incorporating 
a  vented  Blot.  A  total  of  eight  testa  were  conducted  with  the  motor  as  shown  in  Table  1. 
The  time  to  speed  achieved  in  each  of  these  tests  was  consistent  with  the  desired  motor 
performance;  however,  gas  consumption  at.  low  speed  was  excessive.  The  gas  consumption  was 
relatively  independent  of  speed  and  slightly  above  analytical  predictions  at  maximum 
speed.  The  results  were  sufficiently  successful  that  a  decision  was  made  to  proceed  with 
initial  hot  gas  testing. 
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INITIAL  HOT  GAS  TESTING 

The  teat  Bystern  employed  for  hot  gas  testing  is  shown  in  Figure  14,  The  pressure  ramp 
generator  is  retained  from  the  cold  gas  installation  and  is  used  to  pressurize  a  tank  con¬ 
taining  a  monopropellant  hydrazine  fuel  blend.  Flowmeters,  fuel  control  valves,  and  a  gas 
generator  are  added  as  shewn  for  the  hot  gas  test  system. 

The  propellant  selected  for  the  testa  is  a  ternary  blend  consisting  of  58  percent 
hydrazine  (N?H.)  ,  25  percent  hydrazinium  nitrate  (n^HeNO-,)  ,  and  17  percent  water  (H.,0)  by 
weight  (termed  TSP-2  fuel).  ThiB  mixture  has  a  freezing  point  close  to  -90°F  (-67°C)  and 
has  thermochemical  performance  as  indicated  in  TableH  2  and  3.  It  had  been  previously  uned 
in  Reference  2  testing  of  a  hydrazine-fueled  aircraft  starter  cartridge.  The  ammonia  dis¬ 
sociation  fraction  shown  in  TableB  2  and  3  varies  from  0.4  to  0.6  depending  upon  the  envi¬ 
ronmental  temperature. 
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The  exnv »  *  low  spied  g js  leakage  noted  in  cold  gas  testing  caused  thermal  expansion 

problems  1'  .  .  ,:ial  ho»*.  ga«  testing.  The  motor  consistently  jammed  due  to  differential 
heating  of  j'  .%  s  parts  which  eliminated  end  clearances.  Increasing  the  end  clearances  re¬ 
sulted  in  k>\  .  '  1  ye  and  aggravated  the  problem  rather  than  providing  a  solution.  In 
addition  '  >  -  exclusive  leakage,  some  warpage  of  the  cast  stator  was  noted. 

v>  hj.'."  il.  test  problems  associated  with  stator  warpage,  a  new  heavy-wall  stator  was 
mach.  •**  mx  stork.  The  exhaust  outlet  in  the  stator  was  modified  to  a  series  of  holes 

from  an  •  j^ot  to  equalize  vane  wear  resulting  from  crossing  the  slot. 

To  reduce  the  different!; 1  thermal  expansion  problems,  a  serien  of  teats  were  conducted 
to  vM.uate  meanB  of  reducing  leakage  in  the  motor  and  thus  total  heat  input.  Results  of 
this  testing  indicated  that: 

1.  The  machined  bar  stator  produced  34  percent  leas  leakage  than  the  cast  stator, 
apparently  due  to  lower  shell  deflection  and  reduced  leakage  areas. 

2.  The  end  seals  produced  significant  drag  and  were  not  effective  in  reducing  overall 
motor  leakage. 

3.  The  major  leakage  path  waR  occurring  through  the  bearing  vents.  A  52  percent  drop 
in  flow  occurred  when  tin?  vent  ports  were  plunged. 

Results  of  the  above  testa,  combined  with  binding  and  vane  breakage  noted  in  *revious 
hut  gas  tents,  indicated  four  areas  needing  redesign.  These  areas  were. 

1.  An  improved  method  of  maintaining  vane-to-a tator  contact 

2.  Improved  *nd  seals 

3.  A  means  of  increasing  end  clearance  without  increasing  overall  leakage 

4.  Reduction  in  the  forces  on  the  vanes  or  an  increase  in  vane  load  bearing 
capability, 

DESIGN  MODIFICATIONS 

To  obtain  vane-to-stator  contact,  the  cam  ring  actuation  system  as  replaced  w:th  four 
pairs  of  puahroda  installed  in  t’ e  r<*tor  between  opposed  pairs  of  van's.  The  pushri-ds  were 
ing  loaded  to  accommodate  an  approximately  0.030-inch  (0.76-mni}  georaetr leal  length 
c  nge  which  occurs  between  the  ntator  diameter  (0-degree  position)  and  the  chord  acmes 
t'  stator  through  t he  rotor  center  (90-degree  position).  Several  cold  gas  nitrogen  tests 
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with  unvented  phenolic  vanes  resulted  in  improved  time  of  7.8  seconds  to  5,000rpm  (524 
rad/a)  with  1,125-psia  (7,760-kPa)  inlet  pressure.  The  gas  flow  rate  was  85  percent  of  the 
baseline  cast  atator  run. 

To  improve  end  sealing  and  increase  the  end  clearance,  a  design  modification  was  made 
to  the  motor  as  shown  in  Figure  15.  The  rotor  and  stator  were  each  shortened  by  0.5  inch 
(12.7  mm).  Closure  plates,  each  0.25-inch  (6.4-mm)  thick,  were  bolted  to  each  end  of  the 
rotor;  and  spacer  plates,  machined  eccentrically  with  respect  to  the  stator  (concentric 
with  rotor),  were  also  installed.  Three-piece,  spring-loaded  carbon  seals,  installed  in  the 
rctor  end  plates,  contact  the  I.  D.  of  the  eccentric  spacer  to  form  the  end  seal.  This 
modification  reduces  leakage  into  the  end  cavi*-y  with  a  reduction  in  thermal  distortion 
effects;  makes  end-cavity  leakage  independent  >f  end  clearance,  allowing  increased  end 
clearance  as  necessary  to  accommodate  axial  growth;  and  leakage  around  the  ends  of  the 
vanes  is  prevented  from  being  vented  overboard,  allowing  useful  work  to  be  done. 

Cold  gas  nitrogen  tests  to  charactrize  the  above  design  changes,  along  with  spring- 
loaded  pushrods  and  phenolic  vanes  "ented  on  the  trailing  edge,  demonstrated  significant 
improvement  in  motor  performance.  The  tests  indicated  that  addition  of  the  end  seals  pro¬ 
duced  an  ordar-of-magni tude  reduction  in  end  cavity  pressure  as  shown  in  Figure  16.  Time  to 
achieve  5,000  rpm  (524  rad /s)  waB  reduced  to  5.2  seconds,  and  gas  consumption  was  reduced 
to  68  percent  of  ■ he  cast  stator  run  (Run  6  of  Table  1) .  Other  tests  to  evaluate  leading 
edqe  versus  trailing  edge  vane  slots  indicated  a  14  percent  improvement  in  time  to  speed 
with  leading  edge  slots. 
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I'iltute  IS.  Unmparlion  of  Van*  Motor Configuration! 

Several  alternate  blade  materials  were  examined  to  improve  the  blade  strength. 
Included  in  the  evaluation  were  various  high- temperature  lubricant  coatings  on  metal 
blades  to  reduce  the  friction  coefficient.  Alternate  blade  materials  examined  were: 

1.  Inconel  600  blades  coated  with  SURF-KOTE  C-800,  the  trade  name  for  a  metal-glass- 
fluoride,  high- temperature  lubricant  applied  per  NASA  Sped f ication  PS-101  (Refer¬ 
ences  3  and  4).  The  coating  is  applied  as  a  plasma  spray  and  consists  of  30  percent 
nichrome,  30  percent  silver,  25  percent  calcium  fluoride,  and  15  percent  glass  by 
weight. 

2.  A  sintered  nickel-chromium  alloy  impregnated  with  barium  fluoride-calcium  fiuoide 
eutectic  (Reference  5) . 

3.  A  special  high-temperature  grad'  of  cast  iron  containing  high  aluminum  content. 
The  composition  consists  of  1.5  percent  carbon.  3.65  percent  silicon,  0./  percent 
manganese,  21.5  percent  aluminum,  and  72.6  percent  iron  by  weight. 

4.  carbon/carbon  composite  infiltrated  with  silicon  carbide. 

5.  7075  aluminum  with  a  proprietary  Banadlzr  coating  (Lovalt  Technology  Corporation, 
Santa  Fe  Springs,  California). 

Initial  tenting  with  the  metal  vanes  cr suited  in  slow  times  to  achieve  motor  apeed 
and/or  the  inability  to  achieve  the  required  terminal  speed  indicating  high  internal  fric¬ 
tion.  The  high  internal  friction  wan  due  in  part  to  the  gre/'er  weight  of  the  metal  vanes 
(up  to  six  times  that  of  the  composite  vanes)  and  the  higher  f» lotion  coefficient  of  the 
coated  metal  vanes.  This  problem  was  compounded  by  excessive  wearing  of  the  high- tempera¬ 
ture  lubricant  coating.  Testing  with  the  carbon/carbon  composite  vanes  infiltrated  with 
silicon  carbide  resulted  in  vane  breakage  during  all  tests. 

YANK  FRICTION  ANALYSTS 

To  better  understand  the  el  cts  of  van*-  weight  and  friction  coefficient  on  motor  per¬ 
formance,  a  series  of  analytical  H udie*  was  performed  by  PtofeRsor  C.  H.  Wolgemuth  under 
subcontract  to  RRC,  The  analytical  model  previously  developed  was  modified  to  include 
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punhrodfi  between  the  vanes.  A  somewhat  simplified  approach  was  taken  which  ignored  the 
pushrod  spring  force,  but  allows  transfer  of  force  between  pairs  of  vanes.  The  vane  free 
body  diagram  is  shown  in  Figure  17.  The  model  includes  normal  forces  due  to  a/  and  d^r/dt. 
components,  tangential  forces  resulting  from  dru/dt  and  Coriolis  components,  pressure 
forces  in  the  normal  and  tangential  directions,  and  gravitational  forces.  In  the  axial 
direction,  friction  force  (identified  as  F_,N  in  Figure  17)  is  developed  only  on  that  por¬ 
tion  of  the  vane  exposed  above  the  rotor  as  if  contacts  the  eccentric  spacer  of  the  revised 
design. 

In  order  to  minimize  or  eliminate  vane  weight  effects,  a  concept  was  analyzed  in  which 
the  opposing  vanes  are  rigidly  lined  together  to  counterbalance  the  weight.  A  model  of  this 
concept  is  shown  in  Figure  18. 

Pressure  in  the  control  volume  behind  the  vane  (lagging  control  volume)  was  compiled 
from  the  leakage  model  using  an  inlet  pressure  of  1,115  pRia  {7,690  kPa) .  Results  ai e 
shown  in  Figure  19,  where  the  centerline  of  the  inlet  port  occurs  at  0  ■  215  degrees  (3.75 
rad).  Forces,  available  gas  power,  and  friction  power  loss  versus  angle  were  computed  for 
various  combinations  of  friction  coefficient,  inlet  pressure,  rotational  speed,  and  vane 
porting  Cor  both  the  rigid-linked  vane  and  pushrod  vane  models.  Results  of  thcue 
calculations  are  summarized  in  Table  4. 
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Figures  20  and  21  summarize  vane  tip  and  end  forces  (F,  and  P  in  Figure  17)  versus 
rotation  angle  for  puahrod  and  linked  vane  configurations,  ab  notecr,  the  effect  of  linking 
in  to  reduce  the  peak  normal  force  by  33.5  percent.  Also,  as  noted  in  Table  4,  linking  of 
opposing  blades  results  in  a  40-percent  reduction  in  friction  horsepower.  The  effect  of 
leading  edge  venting  is  shown  in  Figure  22  for  the  linked  vane  configuration.  Of  major 
importance  is  that  the  normal  force  on  the  vane  is  zero  at  maximum  vane  extension  and 
achieves  a  peak  of  only  250  lhf  (1,110  N)  nearly  75  degrees  (1.3  rad)  later  when  the  vane 
extension  from  the  slot  is  substantially  reduced.  Also,  friction  power  is  reduced  by  27 
percent  over  that  for  trailing  edge  venting. 

Figure  23  presents  friction  power  per  vane  versus  friction  coefficient  for  cases  run  at 
4,000  rpm  (419  rad/s).  The  figure  indicates  the  effect  of  vane  mass,  venting  location 
(leading  or  trailing  edge),  and  linking  of  the  vanes. 

Major  results  of  the  vane  friction  analysis  study  ares 

1.  Venting  of  the  vanes  to  the  leading  edge  and  low  mass  vanes  result  in  the  lowest 
friction  and  vane  forces. 

’.  Linking  of  the  vanes  further  reduces  frictional  loads  over  those  obtained  with 
spring-loaded  pushrods. 

One  word  of  caution  in  interpreting  the  results  of  the  friction  analysis  1b  that  the 
analysis  does  not  simultaneously  evaluate  changes  in  leakage  which  may  occur.  Thus,  a 
change  that  reduced  friction  may  increase  leakage  and  degrade  overall  motor  performance. 


figure  21.  Van*  C  anted  l«m  for  l  in  kerf  Rigid  Model  Vtnud 
io  l  tiding  <  oniroi  Volume 


Figure  13.  FfLllon  P©**r  per  Van*  Vrrjue  Coefficient  of  Friction 
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MOPFI.  CONFIRMATION  TESTS 

Additional  cold  gas  tests  were 
conducted  on  the  motor  to  experi¬ 
mentally  verify  the  results  of  the 
friction  analysis.  A  set  of  flame 
Bpray  coated  Inconel  600  vanes 
were  subjected  to  machining  to  re¬ 
move  hollow  cores  from  the  base 
end  of  the  vanes.  The  vane  weight 
was  reduced  39  percent  from  0.18 
lbm  (82  g)  to  0.11  Ibm  (50  g)  .  The 
vanes  were  installed  in  the  motor 
vented  to  the  leading  edge  and 
with  spring  loaded  pushrods.  This 
configuration  achieved  time  to 
4,870  rpm  (510  rad/s)  of  6.3 
second  si  and  was  still  accelerati¬ 
ng.  Previous  testing  with  this 
vane  with  trailing  edge  venting 
and  at  0.18  lbm  (82  g)  weight  per 
vane  indicated  inability  to  obtain 
speeds  above  *1,000  rpm  (419 
rad/s).  Referring  to  Figure  24, 
this  implies  a  friction  coeffi¬ 
cient  of  0.314. 

Initial  tenting  or  a  set  of  flame  spray-coated  Tnconel  600  vanes  in  a  linked  vane  con¬ 
figuration  was  conducted  with  venting  to  the  trailing  edge.  Due  to  eccentricity,  clear¬ 
ances  at  the  vane  tip  varied  from  0.003  to  0.030  inches  (0.08  to  0.76  mm)  over  half  a 
revolution.  With  this  configuration  a  maximum  speed  of  3,000  rpm  (314  rd/s)  was  achieved  in 
15.5  seconds.  To  reduce  vane  tip  clearances,  a  special  stator  was  fabricated.  A  Hecond  bore 
(offset  to  the  inlet  aide)  was  cut  into  the  stator  with  a  radius  and  location  of  the  center 
optimized  for  minimum  clearances  which  were  reduced  from  a  maximum  of  0.030  in.  (0.76  mm) 
to  0.004  in.  (0.10  mm).  The  llnked-vane  assembly  could  not  be  reversed  in  the  stator  to 
produce  the  more  optimum  venting  to  the  leading  edge  and  was  thus  run  as  previously.  With 
this  configuration,  time  to  reach  a  speed  of  5,000  rpm  was  9.7  seconds. 

F INAti  MOTOR  CONFIGURATION 

Results  of  the  friction  analysis  and  model  confirmation  tests  were  analyzed  to  select  a 
motor  configuration  for  final  demonstration  tests.  Results  of  lightweight  vanes  and  vent¬ 
ing  to  the  leading  edge  demonstrated  significant  improvement  in  motor  perf'  wince. 
Further,  the  analysis  Indicated  that  the  forces  are  reduced  significantly  on  the  v«ne  tip 
area  at  maximum  vane  extension  when  venting  t»*  the  leading  edge  is  employed.  The  lower 
forces  led  to  reconsideration  of  usinq  the  carbon/carbon  composite  vanes  since  they  are 
light  in  weight  (0.06  lbm)  and  have  a  low  coefficient  of  friction  (leas  thin  one-half  of 
any  of  the  metal  vanen  tented).  The  final  configuration  selected  foi  confirmation  test inq 
consisted  of: 

1.  f’nrlKin/carhon  composite  vanes  with  venting  to  the  leading  •  ige 

2.  Use  of  the  oval  stator,  which  allowed  ubc  of  solid  puahroda 

3.  Use  of  carbon  seals  at  each  end  of  the  rotor  as  shown  in  Figure  15. 

FINAL  HOT  (IAS  CONFIRMATION  TESTS 

With  the  above  design  modlf icationfl  incorporated  into  the  motor,  final  hot  gas  testing 
wan  conducted  to  demonstrate  ambient  temperature  starting,  -65  F  (-54  C)  starting,  and  hot 
restarting  following  an  initial,  start  sequence.  Excellent  operation  of  the  motor  was  veri¬ 
fied  at  each  of  the  above  conditions. 

Figure  24  deplct3  motor  operation  starting  from  ambient  temperature  using  the  small 
flywheel  with  an  inertia  of  27.7  lbf-ftz  (1.17  kg-m  ).  Figure  25  presents  a  test  starting 
from  -65°F  (-54°C)  ambient  temperature  conditions  using  the  large  flywheel  with  an  Inertia 
of  41.2  lbf-CtZ  (1.74  kg-m  j .  A  hot  restart  using  the  large  flywheel  is  shown  in  Figure 
26.  Thin  tent  wan  made  immediately  following  .in  ambient  temperature  stall  to  full  speed 
with  the  large  flywheel. 

As  noted  in  Figures  24,  25,  and  26,  a  preanui e  ramp  start  is  used  in  which  the  inlet 
pressure  is  approximately  350  psia  for  1.5  seconds  and  then  ramped  up  to  1,000  psia  for  the 
remainder  of  the  teat.  Thin  procedure  in  employed  to  minimize  engagement  forces  during 
startup  and  may  or  may  not  be  required  depending  upon  individual  applications.  Gas  temper¬ 
ature  inlet  to  the  motor  wan  approximately  1,600  F  (971  C)  for  all  three  tents  shown. 

As  noted  in  the  figures,  the  time  to  accelerate  to  speed  (including  »  imped  start 
effects)  In  approximately  7  seconds  with  the  small  flywheel  ■ nd  12  seconds  wi  i  *  the  large 
flywheel.  These  times  are  consistent  with  performance  predict  onn  for  the  mot-  hicii  were 
previously  discussed. 
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Baaed  on  the  flywheel  inertia  and 
the  speed-versus-time  curve,  the  calcu¬ 
lated  torque  output  of  the  motor  is  ap¬ 
proximately  70  ft-lbf  (96.8  kg-m)  up  to 
the  cutoff  speed  of  5,000  rpm  (524 
rad/s).  This  output  is  consistent  with 
the  desired  output  of  Figure  2. 

SUMMARY  AND  CONCLUSIONS 

Development  testing  has  been  suc¬ 
cessfully  conducted  to  develop  design 
criteria  and 

successfully  demonstrate  the  feasibil¬ 
ity  of  a  hot  gas  rotary  vane  motor  for 
providing  aircraft  APU  starting  over  a 
-65°  to  +130  F  (-54  to  +54°C)  temp¬ 
erature  range.  The  hot  gas  rotary  vane 
motor  overcome:,  the  temperature  limita¬ 
tions  of  current  systems  and  provides 
multiple  start  capability. 

Initial  testing  of  the  original 
motor  design  with  cold  gaB  nitrogen  and 
hot  gas  hydrazine-baaed  decomposition 
products  uncovered  problems  with  the 
cam  actuation  system*  excessive 
leakage,  sensitivity  to  clearances,  and 
vane  breakage.  Analytical  studies  veri¬ 
fied  by  engineering  tests  demonstrated 
design  solutions  to  the  problem  areas. 

Revisions  to  the  motor  configuration  to 
incorporate  pushrod  actuation,  revised 
end  seals  to  reduce  leakage,  and  vent¬ 
ing  of  the  vanes  to  the  leading  edge  all 
demonstrated  significant  improvement  in 
motor  operation  and  resulted  in  suc¬ 
cessful  operation  over  the  required 
range  of  environmental  conditions. 

Design  criteria  successfully  developed 
under  this  program  may  be  effectively 
used  in  the  design  of  hot  gas  rotary 
vane  motors  for  specific  applications. 
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DISCUSSION 


H. Wittenberg,  Nc 

You  have  described  a  feasibility  study  including  experiments  about  the  hot  gas  APU  starter  system.  Can  you 
give  some  indication  about  the  time  required  to  develop  the  system  ready  for  operational  use  in  the  field? 

Author’s  Reply 

The  program  described  demonstrated  the  capability  of  a  hot  gas  rotary  vane  motor  to  provide  the  starting  capability 
of  advanced  APUs  for  military  aircraft.  Rotary  vane  motor  design  criteria  was  developed  which  will  allow 
application  of  the  motor  to  specific  aircraft  application.  Based  on  the  current  development  status  it  is  estimated 
that  a  time  period  of  approximately  18  months  would  be  required  to  develop  a  motor  for  specific  application  and  to 
qualify  it  for  operational  status. 


W. House,  (ic 

Could  you  give  an  estimated  figure  of  the  total  weight  for  such  a  system,  dependent  on  torque  of  the  applied  APU? 
Author's  Reply 

A  rough  weight  of  a  system  to  provide  3  starts  is  16  lbs.  This  weight  is  for  a  system  sized  to  produce  the  torque 
output  shown  in  the  paper.  The  weight  includes  all  tankage,  valving,  fuel  and  the  rotary  vane  motor. 


Ph.  Ramette,  l‘r 

Panni  les  differents  maldriaux  quo  vous  avez  examines  pour  les  uubes,  vous  avez  indiqul  le  composite  earhone- 
carbouc  infiltnS  de  carburc  de  silicium  in l rod ui l? 

Author’s  Reply 

The  exact  amount  of  silicon  carbUh  material  deposited  on  the  carbon/carbon  composite  is  nAt  known.  1  would 
estimate  the  amount  at  approximately  30%  by  weight. 
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Abstract 

v  u  >'Hj  1 

Atoodular  Jet  Fuel  Starter  design  employ  infri  an  Spendable  Gasifier  (LG)  consepr  indicates  a  substantial 
life  cycle  cost  savings  over  a  conventional  overhauled  unit..  To  achieve  these  savings,  a  low  cost 
gasifier  is  a  mandatory  requirement.  The  EG  does  this  by  maximizing  cast-to-near-net-shape  components, 
using  aluminum  cold  end  castings  and  by  minimizing  the  use  of  expensive  high  temperature  alloys.  To 
allow  these  design  approaches,  gasifier  performance  parameters,  specific  power,  compressor  pressure 
ratio,  cycle  temperature  and  fuel  consumption.  beeh.s elected  to  minimize  component  stress  ana 

sensitivity  to  refined  dimensions.  ' 

*  r 

To  further  enhance  future  downstream  cost  savings,  the  gasifier  interfaces  have  been  established  to  fit 
optional  JFS  and  auxilarlly  power  unit  installations,  and  to  include  turbojets  and  turbofans  suitable 
for  unmanned  vehicles.  * 

.Performance  levels  and  initial  structural  integrity  have  been  validated  by  both  comuunent  and  engine  . 
testing  of  a  turbojet  demonstrator.  using  hardware  fabricated  by  production  manuf acturiri'y  technology  ’r  ■ 
methods.  ^ 

Introduction 
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The  ori-board  Jet  fuel  starter  (Jib)  is  an  aircraft  secondary  power  system  whicli  generally  has  a  low 
priority  and  receives  near-last  development  consideration.  However,  its  life  cycle  cost  has  significant 
fleet  system  impact.  The  United  btatts  Air  force  Aeru  Propulsion  Laboratory,  Aerospace  Power  and 
Propulsion  Division,  has  onyoing  programs  to  evaluate  future  requirements,  with  a  strong  emphasis  on 
reducing  life  cycle  cost,  lhe  Expendable  Gasifier  concept  is  an  outgrowth  of  these  programs;  the 
gasifier  of  the  JFS  is  discarded  at  the  end  of  its  useful  (2(J00-start)  life. 

The  Teleoyne  CAL  Model  206  Jet  Fuel  Starter  (JFM,  F lyure  I,  is  designed  to  start  large  engines  in  the 

11,000  daN  thrust  class.  This  small,  1 lyht-weiyht,  I/O  kw  starter  can  be  mounted  either  directly  on  an 
engine  gearbox  or  to  a  remote  airframe-mounted  gearbox  connected  to  the  main  enyine  throuyh  a  power 
take-off  shaft,  lhe  design  driver  has  been  low  system  life  cycle  cost,  achieved  by  reducing 
development,  acquisition,  logistics  and  maintenance  costs.  (JFb  fuel  consumption  does  not  have  a 
measurable  impact  on  life  cycle  cost,  since  the  nominal  operating  time  to  start  a  large  engine  is  only 
30  seconds). 

Insta I  I  at  ion  and  Performance 

lhe  unit  is  3b. C  cm  wide,  48.0  cm  high,  /b.2  cm  lony  and  weighs  6ii.  I  kg;  it  is  rated  at  I/O  kw  and  an 

iFC  of  U/ti  ym/hr/kw.  lhe  subsystems- are  functionally  integrated  to  automatic a  I  ly  start  the  main  engine, 

and  include  an  electrical  Interface  tor  cockpit  instrumentation,  cunniand  and  lontrul. 

Once  the  start  sequence  has  been  initiated  via  hydraulic  motor  power,  the  JKb  requires  only  a  fuel 
supply:  its  alternator  provides  all  the  electrical  power  needed  tor  operation  including  termination  of 
the  start  sequence.  In  the  event  electrical  power  is  lost,  the  starter  will  automatically  terminate  the 
start,  sequence  and  close  the  fuel  supply.  The  pilot  (operator)  may  also  command  a  starter  abort  or  a 
motoring  function.  All  shutdown  commands  are  reset  automatically  so  that  no  overt  actions  are  required 
prior  to  initiating  a.iother  start. 


FIGURE  1  MODFI  1FS  ?06  JET  FUEL  STARTER  INSTALLATION. 


Output  power  and  torque  characteristics  are  shown  in  Figure  ^  as  a  function  uf  JFi>  output  speed.  The 
shaded  hand  indicates  the  starter  design  cutout  speed  range.  Typical  main  engine  starting  requirements 
are  comparer  to  the  JFb  torque  output  characteristics  for  sea  level  static  (SLb)  condition  at  b9“F  anu 
125°F  in  Figures  3  and  4,  referenced  to  the  higher  main  engine  'wer  take-oft  (PTO)  shaft  speed.  JFS 
and  typical  turbofan  main  engine  acceleration  transients  are  sh  ■>  in  Figure  b  as  percentage  of  shaft 
speed  vs.  time  for  a  SLS  52VC  day.  The  gasifier  accelerates  to  lull  speed  in  less  than  10  seconds  after 
start  command  and  holds  at  full  speed  until  the  cut-off  of  the  JFi>  operation  at  approximately  29 
seconds,  whereupon  the  main  engine  continues  to  accelerate  under  .ts  own  power  to  idle  ft  40  seconds. 

Optional  application  options  Include; 

u  m rent  cirive:  the  reduction  gear  anu  overrunning  clutch  are  eliminated,  without  change  to  the  free 

power  turbine  or  its  suspension.  The  unit  is  integrated  with  either  an  airframe-  or  an 
engine-mounted  gearbox. 

o  Direct  drive,  front  PTO:  the  power  turbine  output  shaft  drives  through  the  hollow  Eli  shaft. 

o  Aircraft  systems  ground  check-out:  combines  main  engine  starting  with  motoring  capability  to  drive 
the  aircraft  generator  and  hydraulic  pumps.  Addition  of  a  small  auxiliary  compressor  provides  air 
system  check-out. 

o  Primary  propulsion  turbojet  and  turbofan  derivatives  for  unmanned  vehicles  (described  in  Reference 

1). 

Multi-application  use  of  tlje  EG  would  reduce  acquisition  costs  by  increasing  production  rates,  in 
accordance  with  the  initial  pruyram  objectives. 
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FIGURF  r*  ESTIMATE  OF  JFS  TRANSIENT  DURING 

STARTING  OE  TYPICAL  TUHBOEAN  ENGINE 
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as  a  jet  fuel  starter,  or  15  hours  of  maximum  power  operation  as  a  propulsion  engine. 
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PERFORMANCE  (SLS,  59F) 


POWER  172  KW  CPR  2.B6 

SFC  878G  M/HR/KW  WEIGHT  68  KG 

AIRFLOW  1.75  KGfSEC  POWER/WEiGHT  2.53  KW/KG 

TIT  983'C  Npj-Q  3600  RPM 

FIGURE  8  MOUEL  JFS  206  JET  FUFI  STARTER. 

■MSS&trs  ;r  srsruss.,'2r*wi;  "5  •* 
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FIGURE  7  CAST  COMPRESSOR  ROTOR. 
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FIGURE  fl  CAST  INTEGRAL  FIRST  l7 
STATOR.  37 
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FIGURE  9  COMBUSTOR  ASSEMBLY.  57319 
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FIGURE  10  CAST  TURBINE  INLET  NOZZLE  57350 


t«o  bearings:  the  front  thrust  WIng"is JF6'.*).  J?  '^“u" 
nearing  is  supported  through  the  turbine  inlet  nuzzle. 
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FIGUR  11  CAST  TURBINE  ROTOR 
EB  WELDED  TO  SHAFT 


FIGURE  12  CAST  MAIN  FRAME. 
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FIGURE  13  JET  FUtL  STARTER  MODUiAn  CONSTRUCTION, 


TABLE  1  DES’GN  APPROACH  FOR  REDUCING  JET  FUEL  STARTER  LCC 


LCC  FACTOR 

DESIGN  APPROACH 

Development  Coal 

Conservative  performance  and  structural  design  using  simple  features,  proven  In 
Advance-  Development 

Acquisition  Cost 

Maximize  the  use  of  cast  components  and  minimize  s>'l' system  complexity: 

—  machining  tlmlng/loollng 

—  capital  Investment 

—  inspection  problem^/manhours 

—  parts  count 

—  assembly  labor 

Logistics  Cost 

Reduce  unit  cost  by  Increased  rate  production  —  multi  application  capability. 
Minimi’*)  the  number  nf  parts  In  Inventory  (gasifier  Is  expendable),  thus  reduce: 

—  logistics  management 

—  tech  orders 

—  tooling 

Main;.  .uncB  Cost 

'educe  the  number  of  narts  to  bo  serviced.  Minimize  turnaround  time.  Maximize 
ervice  on  aircraft,  and  reduce: 

—  depot  tooling  and  facilities  capital 

—  overhaul  engineering  support 

—  Hoe  technician  shill  and  training  requirments 

TABLE  2  -  COMPARISON  OF  MAINTENANCE  ACTIONS  TO  REMOVE  AND  RE  PL  AC!  THE  t  <3  VS.  JFS. 


OPERATIONS  TO 

HI  IOVE  AND  HEPLAGI 

MAINTENANCE 

FUNCTION 

EG 

JFS 

Accnss  Cover 

Yes 

Yes 

Air  Inlet  Duct 

Yes 

Yes 

Exhaust  Duct 

No 

Yes 

Fuel  Line 

No 

Yes 

Hydraulic  Lines 

No 

Yes 

Ignitor  Leads 

Yes 

No 

Electrical  Interface 

No 

Yes 

QAD  Ring  1 

Yes 

No 

QAD  Ring  2 

Yes 

No 

OAU  Ring  3 

No 

Yes 

TOTAL 

5 

- 

7 

Program  Test  Results 

The  EG  has  completed  a  four-phase  program  as  follows! 

Phase  1  bystem  Uesiun 

Phase  ?.  Pri  >  •’  hi  sign 

Kms*'  •  i^-ail  t’tsiyn  and  umiustor  lest 

Pliaso  ‘1  fabrication  and  Testing  of  the  Compressor  and  Gasifier  (as  a  lurbojet) 

During  phases  3  ana  4  the  total  test  time  accumulated  was: 

HUH  Ub  TEST  i»HL  (HKb) 

Compressor  Kig  1  23 

Combustor  Kiy  fa  33 

Turbojet  Engine  '/  13 


FG  CONCEPT  SAVINGS  FOR  A  FLEET  OF  100Q  AIRCRAFT 
*270  MILLION  AS  JFS 
*250  MILLION  AS  APU 


FIGURE  14  EXPENDABI  E  GASIFIFR  LIFE  CYClc  COST  COMPARISON  IN  FY  I960  l 
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Compressor  rig  testing  showed  the  success  of  the  coflmon  rotor  blading  approach:  adequate  performance 
(although  slightly  less  than  the  design  goal)  was  achieved  in  the  first  test.  Figure  15.  In  the  23 
hours  of  rig  testing,  no  abnormal  mechanical  or  aerodynamic  conditions  were  experienced.  Data  analysis 
revealed  that  the  performance  deficiency  was  related  to  low  predictions  of  rotor  exit  aerodynamic 
blockage  for  the  high  diffusion  factor  design,  A  direction  for  design  modification  and  performance 
improvement  was  thus  established;  however,  the  achieved  performance  was  deemea  adequate  for  gasifier 
demonstration. 

The  combustor  rig  tests  were  also  successful.  In  addition  1:o  validating  efficiency,  temperature  rise 
and  outlet  pattern  factor,  a  primary  objective  was  to  measure  liner  temperatures  on  the  ful 1 -coverage, 
film-cooled  design.  Premature  failure  in  low  cycle  fatigue  or  oxidation  could  occur  in  the  intended 
2000-start  JFS  if  temperature  or  thermal  gradient  limits  were  exceeded.  Liner  hole  modifications  were 
made  during  the  six  builds  to  achieve  the  desired  characteristics,  with  results  as  sunmarized  in  Table 
3.  All  objectives  were  achieved  or  exceeded,  except  for  pressure  loss,  which  was  7  percent  higher  than 
the  5  percent  design  value.  Initial  t**st  values  were  l(>  percent,  attributed  to  excessive  losses  in  the 
180°  turn  at  the  compressor  discharge,  coupled  with  the  flow  split  at  the  hollow  nozzle  varies.  The  vane 
entrance  was  modified  by  rounding,  and  the  diffuser  was  cut  back,  reduciny  the  system  pressure  drop  to 
12.3  percent,  the  limit  which  could  be  attained  without  redesign  and  new  hardware.  (Subsequent  engine 
testing  indicated  a  10.1  percent  pressure  loss  in  the  gasifier  environment). 


TABLE  3:  COMBUSTOR  RIG  PERFORMANCE  CHARACTERISTICS 


Design  Goal 

Rig  Test  Results 

Pressure  Loss  —  F*ercenl 

5.0 

12.3 

Efficiency  —  Percent 

95.0 

95.0 

Exit  Temperature  —  'K  ("F) 

1255(1000) 

1255  (1800) 

Temperature  Rise  —  *K  (*F) 

1097(1516) 

1097(1516) 

Exit  Radial  Temperature 

0.07 

0.05 

Profile  Factor 

Exll  Circumferential 

0,20 

0.154 

Profile  Factor 

Maximum  Liner  Temperature 

1033  (1400) 

922(1200' 

-  -K  (-F) 

During  the  combustion  tests,  turbine  nozzle  flow  capacity  and  losses  were  also  calibrated  and  found  to 
be  very  close  to  design. 

I  he se  component  performance  characteristics  were  combined  in  a  computer  prediction  of  gasifier 
performance  as  a  turbojet  demonstrator.  They  showed  that  design  power  output  could  be  achieved  by 
rematch ing  to  a  higher  rotor  speed  (107  percent  of  uesiyn). 

The  expendable  gasifier  is  shown  configured  as  a  turbojet  demonstrator  in  Figure  16.  the  engine  was 
tested  with  two  different  compressors,  first  with  machined  rotors  and  then  with  cast  aluminum  rotors 
over  a  range  of  altitudes  and  operating  lines  (Jet  nozzle  areas).  The  engine  performance  with  the  cast 
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comprenor  rotors  is  shown  in  Figure  17  compared  to  predictions  -  yood  ayreement  is  evident.  The 
demonstrated  sea  level  static  thrust  in  this  configuration  was  82.3  daN.  When  tested  with  machined 
steel  rotors,  the  engine  demonstrated  102.3  daN  thrust  at  SfZV'C  turbine  entry  i.emperature,  some  12*C 
below  the  design  value. 

Comparisons  of  cast  and  machined  rotor  performance,  in  terms  of  sea  level  static  specific  fuel 
consumption  vs.  thrust  are  shown  in  Figure  18  and  turbine  inlet  temperature  vs.  rpm  in  Figure  19.  The 
lower  performance  of  the  configuration  with  the  cast  compressor  rotors  results  from  t-he  reduced 
efficiency  and  a<r  flow  shown  in  Figure  20.  Inspection  of  the  cast  compressor  rotor  showed  deviant 
blade  angle  settings  and  blade  spacing;  since  the  rotors  were  structurally  sound  (as  determined  by  *pin 
test  to  destruction),  they  were  tested  to  demonstrate  their  structural  integrity  ann  to  quantify  the 
performance  degradation.  To  attenuate  the  problem,  the  compressor  rotor  castiny  tooling  was  modified  to 
provide  a  stabilizing  ring  on  the  outer  diameter  (Figure  21)  in  a  manner  similiar  to  the  cast  stators. 
This  provides  rigidity  for  mold  removal  and  serves  as  a  fixture  to  hold  the  blades  during  heat 
treatment.  Since  all  rotors  are  machined  at  the  tip  diameter,  machining  off  the  cast  ring  has  only  a 
minimal  impact  on  cost. 

Engine  data  analysis  showed  that  the  compressor  (Figure  lb)  and  combustor  performance  closely 
approximated  rig  values;  combustor  pressure  loss  wa1.  actually  lower  in  the  engine,  and  turbine 
efficiency  exceeded  design  objectives  by  over  i.b  percent. 

A  start  envelope  was  established  during  testing,  using  manual  fuel  scheduling,  a  hydraulic  starter  and 
windmill;  successful  starts  were  accomplished  over  the  range  of  0  to  65blm  and  at  ram  air  Mach  numbers 
from  U  to  G.b.  It  was  judged  that  Improved  start  scheduling,  as  might  be  expected  from  a  fuel  control 
development,  would  be  required  to  enlarge  his  range. 

Engine  steady  state  operation  over  the  altitude  range  was  successful,  with  the  only  limit  being  a  rear 
bearing  temperature  rise  which  precluded  sustained  operation  at  the  10/  percent  overspeed  condition. 
Since  this  speed  was  an  artifact  of  the  limited  advanced  development  program  scope,  further  lube  system 
refinement  and  component  development  to  reduce  maximum  speeds  would  be  expected  to  alleviate  the 
problem. 
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FIGURE  18  EXPENDABLE  GASIFIER  TURBOJET  ENGINE 
SPECIFIC  FUEL  CONSUMPTION  VERSUS 
THRUST  COMPARISON  FOR  BOTH  CON 
FIGURATIONS. 
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FIGURE  19  FXPENDABLE  GASIFIER  TUHBINE  ROTOR 
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CONCLUSIONS; 

Life  cycle  cost  analysis  indicates  that  substantial  savinqs  can  be  realized  by  using  the  Expendable 
Gasifier  (EG)  concept  to  power  either  a  jet  fuel  starter  (JES)  or  an  auxiliary  power  unit  (API)):  the 
unit  is  discarded  at  the  completion  of  its  useful  life  -  not  overhauled. 

Modest  performance  levels  (pressure  ratio,  temperature,  specific  power,  SFC  volume  and  weight)  are  a 
necessary  consequence  of  the  EG  concept;  incorporation  of  minimum  prouuction  cost  features,  such  as 
cast-to-ncar-net -shape  components,  self-contained  lubrication  systems,  and  low  cost  raw  materials 
requires  relaxation  of  tip  speeds,  stage  loadings  and  critical  surface  and  clearance  tolerances. 

The  potential  EG  payoffs  extend  beyond  a  single  JFS/APlI  application,  to  include  optional  JES 
configurations  and  propulsion  units  for  unmanned  vehicles  using  one  or  more  conmon  modules. 

LG  low  cost  production  fabrication  technology,  performance  and  structural  integrity  have  been 
denwnstrated  by  component  rig  testing  anu  gasifier  testing.  Sufficient  analytical,  fabrication  and  test 
data  have  been  collected  to  warrant  expanded  development  effort  on  a  complete  JES,  and  to  validate  the 
system  over  an  equivalent  21)00  starts. 

Secondary  power  systems  are  luw  priority,  among  the  last  to  be  considered  In  major  weapon  system 
programs.  Advanced  demonstrator  programs,  typffied  by  the  four  phase  EG  effort,  are  necessary  to 
quantity  and  demonstrate  the  technology  neeueu  for  future  weapon  systems. 
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DISCUSSION 


H.I.H.Saravanamuttoo,  Ca 

The  expendable  gas  generator  is  designed  for  a  life  of  2000  starts.  Is  the  power  turbine  also  limited  to  the  same 
number  of  starts? 

Author’s  Reply 

No.  A  detailed  design  of  the  power  turbine  has  not  been  completed,  however  it  is  expected  that  a  life  of  8,000 
(or  mure)  starts  can  be  attained.  The  power  turbine  design  problem  statement  is  much  easier  than  that  ul  the  gas 
generator  due  to  its  lower  turbine  inlet  temperature. 

A.L.Romanin,  US 

I  Arc  tile  overhaul  costs  compared  on  a  per  start  or  direct  comparable  basis? 

II  Have  the  existing  overhaul  costa  hecn  itemized  to  the  extent  that  you  arc  comparing  gas  generator  versus  gas 
generator  only? 

III  The  work  was  quoted  a*  government  funded.  What  is  the  contract  number? 

IV  Is  this  unit  designed  primarily  as  an  expendable  jet  engine? 


Author’s  Reply 

I  The  overhaul  costs  crc  on  a  direct  comparable  basis.  The  comparison  is  on  a  per  unit  basis  for  a  10  year 
weapon  system  life  and  a  fleet  of  1 ,000  aircraft. 

II  The  existing  overhaul  costs  have  been  itemized  to  the  extent  that  the  gas  generator  cost  per  overhaul,  k 
separated  from  the  cost  (per  overhaul)  of  the  power  output  and  fuel  system  management  control  modules. 

III  The  work  was  done  under  government  contract  number  l'33657-7f>-C-2055. 

IV  The  unit  was  designed  primarily  lor  u  jet  f  uel  starter,  thcrcfoi  the  Intent  was  that  the  jet  fuel  starter 
requirements  have  precedence  over  those  of  an  expendable  jet  engine. 
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1.  Introduction:  Technical  review  of  airline  experience  with  Auxiliary  Power  Units 
(APU) ,  influenced  by  the  fuel  crisis 

When  in  1964  the  first  Boeing  727-030  aircraft  were  delivered  with  an  on  board 
Auxiliary  Power  Unit,  known  as  the  APU,  being  Installed  in  the  fuselage  keelbeam  and 
capable  of  supplying  pneumatic  and  electrical  AC  power  to  the  aircraft  systems,  this  has 
become  a  rc.i1  technical  novelty  to  everyone  in  the  airlineB  business.  The  technical  ad¬ 
vantage  uf  t.h  APU,  mainly  its  practicability  providing  energy  to  the  aircraft  together 
with  a  very  high  degree  of  operational  Independency  of  airfields  and  ground  facilit.  ien 

has  been  the  reason,  why  the  APU  became  such  a  use¬ 
ful  equipment.  During  the  subsequent  years  almost 
every  new  aircraft  design  in  the  commercial  field 
has  been  certified  and  lelivered  with  an  APU,  what 
would  substantiate  the  usefulness  of  this  modern 
aircraft  technology. 

The  technical  APU  features  had  encouraged  the  air¬ 
lines  philosophy  to  take*  full  operational  advantage 
of  the  afu  as  secondary  power  equipment  on  board 
the  aircraft.  Unfortunately,  already  some  years 
later,  this  philosophy  had  to  be  changed  and  read¬ 
justed,  due  to  fuel  economical  considerations. 

When  in  1973  the  first  luel  crisis  came  up,  this 
has  affected  the  economics  of  aviation  industry. 
Latest  in  1979,  when  the  second  but  more  severe 
fuel  price  increase  had  followed,  the  fuel  cost 
efficiency  of  the  equipment  used  In  t  tie  airline  bu¬ 
siness  had  to  be  evaluated..  Particularly,  commer¬ 
cial  airlines,  amongBt  them  Lufthansa,  suffering 
from  this  second  fuel  cost  impact,  have  been  forced 
now  to  review  the  economical  aspect  of  operating 
main  engines  and  APU'b,  aiming  for  optimized  opera¬ 
tional  procedures,  which  would  reduce  the  fuel  con¬ 
sumption,  but  Btill  meet  the*  technical  requirements 
of  the  system  equipment  and  the  power  demands  on 
board  the  aircraft. 

Figure  1  ts  showing  the  kerosia  fuel  pt  ice  increase 
during  the  past  10  years.  At  the  momenl  we  are 
facing  a  somewhat  relaxed  upward  trend  of  fm  1  cost 
poi  liter,  compared  to  1979/80  with  an  annu.il 
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escalation  rate  of  approximately  11  percent  (from  1979  to  1980  this  figure  had  nearly 
doubled* . 

Lufthansa,  like  every  other  commercial  airline  has  faced  the  burden  and  the  eco¬ 
nomical  chalienge,  which  had  been  imposed  upon  the  airline  operation  since  1979,  with 
continuous  efforts  to  search  for  a  new  economical  operating  concept  of  supplying  cost 
efficient  on  board  power  to  the  fleets.  As  a  first  step,  in  cooperation  with  an  airline 
fuel  conservation  group,  an  APU  working  group  was  established,  consisting  of  system 
engineering,  flight  operations,  ground  support  staff,  and  airline  economy  experts.  This 
working  group  undertook  the  task  of  investigating  following  four  major  aspects: 

-  Determining  the  technical  requirements  of  APU  ground  power  supply  for  different 
fleets. 

Investigating  alternative  power  supply  systems  on  the  ground,  their  availability 
and  compatibility  with  aircraft  electrical  systems,  pneumatics  and  air  conditioning 
systems. 

Development  of  cost  efficient  procedures  for  ground  power  supply. 

Necessary  investments  for  an  airline  to  establish  ground  power  systems  on  major 
airports . 

2.  Typical  APU  design  features  and  performance  outputs 


Prior  to  the  discussion  of  the  study  items  and  the  results  of  the  APU  working  group 
it  appears  necessary  to  give  a  brief  survey  of  the  APU's,  including  their  design  and 
performance,  as  being  operated  by  todays  commercial  airlines  like  Lufthansa. 


APU  Performance  Data  • 


cmm 

nr'ifism 

4PU  Model 

Equival 

SHP 

m 

SFC 

hrShP 

Ratio 

Boeing 

727-230 

Boeing 

737-230 

GTCP  j  ^ 

85  aacK  1 

GTCP  f 

85  12BB  1 

245 

230 

in 

102 

SO/31 

25/16 

| 

1,22 

B 

Boeing 

747 

GTCP 

W°  4  ||H  || 

822 

507 

63/«o 

Q 

1,15 

n 

Douglas 
DC  10 

Airbus 

A  300 

tscp  f 

700-5  J 

705 

570 

B 

505 

430 

B 

Alrbut 

A  310 

OTCP 

525 

385 

0,70 

HAM  r  14  mM 
10.1. It«3 


Figure  2 


Figure  2  presents  a  review  of  the  various  APU's  used  in  the  field.  Let  me  commence 
with  the  APU  model  used  in  short  to  medium  aircraft  fleets.  The  first  row  of  figure  2 
shows  a  schematic  of  the  APU,  installed  in  the  Boeing  737  and  727  aircraft.  This  B5- 
s&ries  FU  is  a  single  spool  gas  turbine  with  constant  speed  and  integrated  bleed  air 
flow  output.  A  two  stages  radial  compressor  is  driven  by  s  single  stage  radial  turbine 
with  an  oxducer  to  achieve  the  power  requlremeji ts ,  providing  bleed  air  (111  lbs/min.) 
and  trical  power  supply  (400  Hz,  11bV)  by  driving  a  40  KVA  generator.  In  itH  stan¬ 

dard  :rsion  this  APU  is  very  reliable. 

The  APU  in  the  second  row  of  the  slide  is  the  largest  power  unit  on  board  our  air¬ 
craft  being  installed  in  the  Hoeing  747.  This  is  again  a  bleeder  type  APU  with  a  single 
shaft  de;  <gn,  consisting  of  a  two  stages  axial  turbine  driving  a  four  stages  axial  flow 
compressor.  To  provide  sufficient  surge  margin  during  start  up  of  the  ATU,  an  inter¬ 
stage  bleed  valve  is  Leing  provided  between  the  2nd  and  3rd  compressor  stage,  in  order 
to  stabilize  the  compressor  air  flow  in  the  acceleration  reglm.  After  having  reached 


the  full  governing  speed  (20000  rpm)  a  modulating  surge  valve  controls  the  bleed  air  flow 
required  to  maintain  stabilized  flow  under  all  bleed  load  or  shaft  load  conditions,  pre¬ 
venting  the  APU  compressor  from  a  surge  or  a  stall. 

In  the  third  row  of  the  figure  2  a  schematic  of  the  APU  700  series  is  shown,  being 
operated  in  the  Douglas  DC10  and  in  the  Airbus  A300. 

This  is  a  two  spool  integral  bleeder  type  APU  with  variable  Inlet  turbine  nozzle 
guide  vanes  in  front  of  the  first  stage  low  pressure  turbine.  The  variable  MGVs  of  the 
first  stage  low  pressure  turbine,  controlled  by  a  fuel  actuated  gtator  vane  positioning 
device,  determine  the  actual  N1  APU  spool  speed  as  required  by  the  load/power  demand. 

The  high  pressure  spool  is  kept  constant  regarding  its  speed  and  consists  of  a  radial 
impeller  being  driven  ty  a  single  Btage  axial  flow  turbine.  The  low  pressure  compressor 
being  driven  by  a  two  stages  turbine  consists  of  3  low  pressure  axial  stages. 

The  APU  shown  in  the  last  row  of  figure  2  is  the  most  recent  design  concept  of 
Garrett,  being  used  in  the  Airbus  A310,  with  a  load  compressor  mechanically  coupled  to 
the  power  section  but  aerodynamically  kept  fully  seperated  regarding  itB  bleed  air  output 
ThiB  bleed  air  flow  seperation  is  one  of  the  great  advantages  of  this  new  APU,  apart 
from  its  simplified  design  concept.  In  the  rare  case  of  a  compressor  bearing  seal  leakage 
the  leaking  oil  would  not  contaminate  the  bleed  air  supplied  to  the  airplane  fuselage 
cabins,  aB  this  could  occur  in  conjunction  with  the  preceeding  APU  models  belonging  to 
the  bleeder  type.  The  A310  APU  consists  of  a  single  shaft  power  section  with  a  two 
stages  radial  compressor  and  a  three  Btages  axial  turbine. 

The  load  compressor  producing  the  bleed  air  output  for  the  air  conditioning  system  and 
main  engine  start  is  controlled  by  variable  inlet  guide  vanes  which,  regarding  their 
position,  are  automatically  set  to  control  the  bleed  air  output. 

Common  to  all  APU's  is  an  automatic  starting  system  which  only  requires  one  switch  posi¬ 
tion,  1.  e-  master  switch  in  start.  This  iB  being  achieved  by  a  speed  control  device 
which  connected  to  the  acceleration  and  load  schedule,  based  on  electronic  APU  con¬ 
trolling  y 

Aa^tar  as  the  design  concept  of  the  APU  models  is  concerned,  illustrated  in  figure  2, 
all  APU’s  are  lightweight  design  oriented,  what  has  been  one  of  the  important  design 
criteria,  set  up  by  the  aircraft  manufacturers.  To  meet  both,ttn‘  power  requirements  on 
board  the  aircraft  and  the  APU  lightweight  design,  a  gas  turbine  compressor  power  design 
has  been  the  only  one  practical  approach  of  developing  such  a  powerful  equipment  being 
permanently  Installed  on  board  the  aircraft.  Of  course,  the  rather  low  overall  efficiency 
of  the  APU  gas  turbine,  under  full  load  in  Lhe  order  of  20  percent,  is  a  negative  factor 
with  respect  to  the  high  fuel  costs.  The  performance  weight  ratio  for  the  APU's  is  in 
the  range  of  1.B  to  2.3,  what  Is  rather  high,  compared  with  the  ratio  of  Diesel  engines 
being  used  as  mobile  ground  carts.  The  APU  manufacturer, due  to  the  fuel  cost  impact  to 
airlines, has  responded  to  the  operators  need  of  operating  a  more  cost  efficient  APU  by 
having  designed  the  second  APU  generation  of  twin  spool  compressor  power  APU  gas  turbines 
like  the  APU  for  the  DC 10  and  the  A300.  Compared  with  the  APU’s  being  operated  In  the 
Boeing  aircraft  these  APU  models  have  a  high  cycle  pressure  ratio  and  are  more  cost 
efficient. 

The  proof,  that  the  design  goal  of  a  more  fuel  efficient  APU  has  been  m«*t  ,  becomes 
obvious  when  comparing  the  amount  of  fuel  flow  vernus  air  bleed  flow, represented  by  the 
ratio  Wp  over  and  shown,  in  the  right  hand  column  of  figure  2.  Accordingly,  the  twin 

spool  compressor  power  APU  TSCP  700  provides  »  32  percent  lower  ratio  than  the  APU 
GTCP  660-4  of  the  Boeing  747  aircraft,  i.  e.  less  fuel  required  for  producing  the  same 
amount  of  blued  air  output.  This  also  compares  to  the  lower  specific  fuel  consumption  In 
pounds  fuel  per  hour  and  equivalent  shaft  horse  power  of  the  700  series  APU's.  All  APU 
models  are  properly  matched  with  respect  to  the  bleed  airflow  demand  of  the  aircraft  air 
conditioning  system,  the  bleed  air  discharge  temperature  and  the  electrical  power  and  its 
frequency  of  400  Hz,  115  Volt3,  alternate  current  output. 

3 .  Economical  impact  on  apu  op» ■  r ation  ana  remedy  a ctiuna 

What,  arc  the  APU  cnntn,  an  nlrlLnc  is  encountering  today  ? 

Figure  3  (see  next  page)  illustrates  the  evaluation  of  the  total  APU  coats  per  operating 
hour  for  the  various  fleets  in  operation.  The  graph  clearly  states  the  enormous  cost 
impact  to  the  airlines  during  the  recent  3  yearn.  Calculating  the  total  variable  cost 
increase  per  APU  operating  hour  during  the  period  of  1980  -  1902  f  an  average  increase 
rate  of  30  percent  for  this  period,  based  on  1980  cost  figures,  is  indicated  for  the 
APU’s,  installed  in  the  Boeing  727,  737,  Douglas  DC1Q  and  Airbus  AJOO.  For  the  APU 
660-4  in  the  Boeing  747  the  cost  increase  rate  per  APU  operating  hour  is  around  74  pei — 
cent,  what  is  j-n  average  figure  of  8  percent  coat  increase  per  year. 

The  total  variable  conts  per  APU  operating  hour  consist  of  the  overall  maintenance 
costs  (1.  e.  direct  engine  costs  pel  APU  operating  hour,  covering  the  repair  and  over¬ 
haul  shop  expenses,  Including  line  maintenance  costs,  plus  the  fuel  costs.  As  can  be 
realized  from  figure  3,  the  fuel  costs  are  Lhe  largest  port,  ion  of  t.he  total  APU  cu/its, 
between  67  and  88  percent  in  1982,  depending  on  the  APU  model.  The  total  maintenance 
cost  -  including  line  maintenance  and  overhaul  cost  -  amount  to  a  figure  of  12  to 
39  USD  per  operating  hour  for  the  APU's  presented. 
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Evolution  of  Total  ARU  Cost 
per  Operating  Hour 
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Considering  the  APU  direct  en1  'ne  costs  per  operating  hour  for  t.he  twin  spool  engine 
Lype  TSCP  700,  Installed  in  1  he  Di  10  and  in  the  A300  aircraft,  a  higher  percentage  ifi 
indicated  than  in  caso  of  the  single  spool  engine,  like  the  85  aeries  APU  or  the  660-4. 
This  in  fact  would  be  expected  due  to  the  more  complex  APU  design,  involving  more  parts 
in  the  engine  which  might  fail.  It  should  be  mentioned  here,  that  the  material  -nst  has 
been  increased  during  1982  up  to  40  percent  of  the  cost  figures  during  the  pre  coding 
time  period.  If  comparing  the  DC10  APU  total  coat  figures  with  those  of  the  A3D0  APU, 
both  being  of  the  game  basic  design,  n  slightly  higher  APU  total  cost  figure  in  caB<’ 
of  the  A300  APU  is  shown.  This  can  he  explained  by  the  additional  maintenance  and  over¬ 
haul  activitiea  required  due  to  the  higher  heat  cycles/hour  ratio  of  this  APU  when  being 
operated  in  the  short  to  medium  airplane  A300. 

Figure  3  aqain  stresses  the  high  fuel  coat  impact  on  APU  operation,  and  at  that  time, 
is  provoking  a  vital  Interest  in  taking  measures  to  reduce  the  API!  cuHta  or  even  intro¬ 
duce  alternative  ground  power  sources  wherever  practicable.  Consequently,  one  of  the 
first  activities  of  the  APU  task  force  In  our  airline  had  been  the  reduced  operation 
of  the  APU's  on  board  the  aircraft.  Whenever  possible,  we  have  been  limiting  the  APU 
operating  time  to  those  occurrences,  where  its  use  for  producing  electrical  power  and/or 
bleed  output  is  inevitable,  1.  e.  mainly  for  supplying  pressurized  air  to  air-conditio¬ 
ning  systems  for  cooling  and  heating  the  airplane  cabin  and  Lor  main  engine  start  up. 

Further,  with  respect  to  the  fuel  conservation  effect,  all  modification  programs, 
offered  by  the  manuf acturers  relative  to  APU  fuel  saving  were  investigated  and/provlded 
these  modifications  would  pay  off  within  an  appreciable  period  of  time,  they  had  been 
already  cr  arc  being  embodied.  T.**t-  m*<  just  mention  here  the  most  important  fuel  saving 
modifications  embodied  on  the  various  APU  systems: 

Uoeir.g  747 

.  Downtrim  of  the  exhaust  gas  temperature  schedule  during  load  application,  with  the? 
max.  EGT  under  full  combined  APU  load  output  limited  to  550“U  [This  program  under  i  ertaiu 
operating  conditions  could  conflict  with  airpoit/hlgh  field  levatlon  due  to  marginal 
bleed  air  flow,  limited  by  the  max.  possible  EGT). 

.  Deletion  uf  the  ram  air  scoop  at  the  APU  air  inlet  conture  of  the  747  fuselage.  After 
embodiment  of  this  Hoeing  modification,  which  in  supposed  to  reduce  the  aerodynamic  drag 
by  0.12  percent,  the  APU  cannot  be  started  inflight  but  still  can  be  operated  inflight: 
for  producing  blood  air  power  up  to  16. ODD  ft  and  electrical  pow-f  up  to  21.000  ft. 

.  Manual  load  management  (  2  pneumatic  K<"S  packs  only). 

Douglas  LXJ1U 

N I -speed  reduction,  limiting  the  low  pruiiuurc  spool  under  load  conditions  to  «’  value 
of  91  percent  N1  instead  97  percent  with  overriding  capability  to  100  percent  N1  I  *r 
main  engine  i'ta*  t . 


1 


Douglas  DC  10  continued 

.  Revising  the  APU  700-4  starting  fuel  schedule  to  avoid  EGT  peak  conditions  and  reduce 
thermal1  stresses  in  the  hot  section,  mainly  turbine  nozzle  stator  vane  and  high  pressure 
turbine  blade  distress. 

i 

Airbus  A300 

Nl-sdeed  reduction  with  variable  speed  limit  selection/normal  and  override  mode 
(91  percent  for  environmental  control  system  supply  and  for  main  engine  start;  in  override 
97  percent  for  main  engine  start,  retaining  97  percent  for  wing  anti-ice  under  all  cond.) 

Boeing  127/737 

Timed  acceleration  schedule  during  APU  start-up,  requires  modification  of  fuel  control 
unit  (subject  still  under  evaluation). 

Let  rre  refer  to  the  fact, that  the  majority  of  the  fuel  saving  activities  is  directed 
towards  down-trimming  of  the  APU  engine  perfoxmance  in  conjunction  with  optimized  fuel 
flow  rating.  The  reduction  of  the  material  cost  for  engine  high  cost  drivers,  primarily 
hot  section  parts,  is  an  important  side  effect  of  the  fuel  saving  modification  program. 

As  a  general  maintenance  step  towards  fuel  saving  the  trailing  procedure  for  airplanes 
is  performed  without  operating  APU's. 

4.  Utilization  of  alternative  power  sources  on  the  ground 

From  the  hiyh  APU  operating  coat  figures,  presented  in  paragraph  3,  it  becomes  ob¬ 
vious,  that  alternative  ground  power  equipment,  being  more  economical  than  the  APU's, 
should  replace;  APU  operation  on  the  ground.  If  practical;  thus  reducing  the  coat  burden 
to  the  airline. 

Let  us  investigate  now  the  possible  ground  sources  for  on  board  power  supply.  There 
are  two  major  groups  of  alternative  ground  power  support  systems.  Both  meet  the  on 
board  power  requirements  of  commercial  aircraft,  and  if  available,  can  be  used  .ia 
substitute  for  APU  ground  power  operation.  The  first  group  comprises  the  fixed  stationary 
power  systems  and  the  second  group  covors  the  mobile  power  systems. 

On  figure  4  today'H  moat  commonly  used  alternative  ground  power  equipment  in  airline 
business  Is  presented  in  a  block  diagram,  supplying  all  kind  of  secondary  power  required 
on  board  the  aircraft,  either  electrical  power  or  pneumatic  power  or  a  combination  of 
both . 


On  Board  APU  /  Ground  Power  Supply 


Electrical 

Main 
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Engine 

Air  Conditioning 
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Static  Convert  Mobile  Stationary  (Heet/Cool)  Power  Unit 
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Let  us  briefly  review  the  technical  feature  of  the  ground  support  equipment,  shown 
in  figure  4. 

The  electrical  power  normally  is  produced  by  a  mobile  electrical  power  generating 
unit,  known  as  the  GPU,  which  is  mounted  on  a  mobile  trailer  or  truck  and  is  driven  by  a 
Diesel  engine.  The  engine  is  flexibly  coupled  to  a  brushless  alternator.  The  GPU  can 
be  self-propelled  by  the  engine  power  through  a  gearbox  ,  which  is  directly  connected 
to  the  rear  axle  of  the  truck  through  the  propelling  shaft.  The  generator  power  produced 
is  a  continuously  rated  output  of  around  100  KVA,  115/220  Volts,  3  phase  400  Hz .  The  out¬ 
put  voltage  of  such  a  machine  is  maintained  within  *  1  %  of  the  nominal  value  of  the 
aircraft  socket  under  all  conditions  of  load  and  power  factors.  This  output  voltage  con¬ 
trol  in  most  cases  is  achieved  in  the  generator  system  by  means  of  a  transistorised  vol¬ 
tage  regulator.  The  frequency  is  maintained  within  1/2  percentage  under  steady  state 
conditions. 

Electrical  systems  if  stationary  are  referred  too  as  "Fixed  Electrical  Power  Systems". 
Let  us  consider  the"  most  important  details: 

Fixed,  high  frequency  ground  power  systems,  capable  of  providing  the  electrical  on  board 
power  for  narrow  and  wide  body  aircraft  in  civil  aviation,  consist  of  one  or  two  statio¬ 
nary  electric  motor/generator  assemblies  which  convert  50  (or  60  Hz)  city  network  power 
to  400  Hz  output  by  direct  coupling  to  a  400  Hz  generator.  Normally  a  synchronous,  brush¬ 
less  motor/generator  set  13  being  used,with  the  rotating  group  axis  mounted  in  a  vertical 
or  horizontal  direction.  Due  to  a  minimum  of  component  parts,  which  rotate  at  relatively 
low  speed,  requiring  lubrication  as  the  only  maintenance  action,  a  maximum  of  trouble 
free  operation  is  being  guaranteed.  Thus  the  motor/generator  assembly  is  regarded  a  very 
reliable  piece  of  equipment  amongst  other  aircraft  support  systems. 

Eased  on  worldwide  experience  three  basic  voltages  are  being  used  in  400  Hz  centrali¬ 
zed  systems  of  major  airports: 

-  Low  Voltage  -  115/200V,  4  wires,  3-phase  system 

-  Medium  Voltage  -  575V,  3  wires,  3-phase  : -y  m 

-  High  Voltage  -  4160V,  3  wires,  3-phase  sy  .t  m 

The  low  voltage  system  (115V)  being  used  as  -lecentral ized  system,  requires  an  input  power 
of  380V,  3-phase',  50  Hz,  with  1500  rpm  speed  for  the  brushless  generator,  which  is  of 
the  revolving  field  type.  The  generator  output  is  115V,  4  wires,  3-phaue  system,  400  Hz 
power.  One  disadvantage  of  this  low  voltage  system  is,  that  it  can  only  serve  one  air¬ 
craft  with  limited  distance  (appr.  20  meter)  permissible  between  the  motor  generator  set 
and  the  aircraft  ground  connection,  in  spite  of  large  multiple  conductors  and  3  cables 
per  phase  to  compensate  voltage  transmission  losses.  The  utilization  of  a  line  drop  com¬ 
pensator  would  allow  increased  distance  up  to  approx.170  m.  Thus  for  example  from  a  single 
motor  generator  set  with  a  rated  output  of  200  KVA  multiple  gates  (up  to  10  ea)  with 
each  gate  rated  at  60  KVA  can  be  served  in  conjunction  with  narrow  body  power  supply. 

This  is  possible ;as  the  average  electrical  demand  of  a  B737  or  B727  Is  not  higher  than 
20  KVA.  The  advantage  of  the  low  voltage  system  is  given  by  the  fact,  that  no  voltage 
transformers  are  needed, unlike  medium  and  high  voltage  systems. 

The  medium  voltage  system  (575V)  is  comparable  to  the  low  voltage  system,  showing 
the  same  performance  characteristics  and  construction  details,  except  the  generator  out¬ 
put.  ir.  575V,  3  wires,  3-phase,  400  Hz.  The  great  advantage  of  the  medium  voltage  system 
Is  its  flexible  capability,  to  serve  multiple  gates  with  normally  sized  rabies  over 
remarkable  <11  stances  along  the  airport  terminal. 

Up  to  now  only  electrical  motor/generator  power  system:;  have  been  referred  to.  Another 
means  of  generating  400  Hz  electrical  power  is  indicated  by  the  possible  use  of  static 
converters,  installed  in  fixed  power  systems.  According  to  our  knowledge  static  conve> 
tiers  should  be  mm  e  economical  than  motor  /generator  power  systems. 

Pneumatic  ground,  support  equipment,  like  the  Air  Starter  Units  (ASU)  or  the  Air 
CondrtionTng  Units  TACuTT^o^not  differ  from  each  ether,  regarding  their  principle  design. 
Typical  for  both  designs  is  the  requirement  to  deliver  a  well  defined  output  flow  and 
E<ir  nro'iwirR  as  well  as  a  certain  bleed  air  output  temperature.  The  most  common  way  of 
supplying  pressurized  air  on  the  ground  is  achieved  by  operating  a  Diced  engine  driven 
rotary  screw  type  compressor  with  a  step-np  gearbox,  which  is  attached  to  the  engine 
via  a  flexible  coupling.  Normally  the  rotary  screw  compressor  is  designed  for  starting 
jet  aircraft.  By  reducing  its  output  pressure  the  machine  is  also  used  to  power  air 
conditioning  nn  board  the  aircraft  or  to  warm  up  engine  air  intakes  and  de-ice  wind¬ 
screens.  The  ecessary  change  in  operation  mode  from  starhair  to  low  pressure  air  supply 
is  achieved  L>y  operating  a  switch  position  which  reduces  the  air  pressure  from  approx. 

40  psig  to  25  psig  for  aircraft  aircycle  package  operation.  The  pressurized  bleed  air 
is  supplied  from  the  truck  through  an  air  hose  to  a  J  inch  diameter  connection  fitted  to 
the  aircraft. 

The  rotary  screw  compressors  provide  output  air  capacities  in  the  range  of  130  l<  300 
pounds  pur  minute,  which  is  comparable  to  the  bleed  air  output  of  the  APU's.  In  each 
case  the  air  oi  the  rotary  screw  compressor  ir.  warmed  and  totally  oil  free.  Either  moun¬ 
ted  on  a  truck,  trai Ler  or  skid  or  even  stationary,  somtimus  as  a  parallel  system  to 
provide  the  bleed  air  output  needed,  the  rotary  screw  compressor  is  capable  of  servicing 
the  wide  body  aircraft  like  B747,  DC10  and  A300,  as  well  as  all  narrow  body  aircraft- 
With  a  280  pounds  per  minute  bleed  air  output  ot  the  zotai y  screw  compressor  tb^  speed 
of  the  Mirbo  changed  Diesel  engine  is  around  2000  rpm.  The  noise  of  :;uch  a  machine 


when  attenuated  is  around  85  dB (A) , 

The  GTCP  gas  turbine  type  used  as  mobile  ground  power  equipment  and  capable  of  supplying 
all  kind  of  combined  power  output  does  not  mean  any  economical  advantage,  as  its  fuel 
consumption  is  comparable  to  that  of  APU's. 

Knowing  the  technical  features  of  the  various  types  of  umbilical  ground  support 
equipment,  it  has  been  of  great  interest  to  assess  the  hourly  operating  and  maintenance 
costs,  comparing  them  with  the  APU  costs. 


Figure  5 


In  figure  5  a  calculation  of  the  hourly  based  operating  and  maintenance  costs  (in 
1982  UBD}  Is  made  for  the  supply  of  typical  elecLrtcal  power  requirements  to  the  different 
fleets.  To  everybody's  surprise  the  cost  for  the  400  Hz  Fixed  Power  System  is  only 
a  fraction  of  the  cost  for  a  GPU;  the  comparison  becomes  really  spectacular  with  respect 
to  the  APU  costs,  spent  for  the  same  amount  of  electrical  energy  (factor  60  I).  However, 
only  the  variable  costs  are  being  compared  here.  To  make  an  accurate  cost  analysis  and 
economical  assesnment  of  ground  power  support  equipment,  the  cost  investment  for  desig¬ 
ning  and  installing  such  a  power  system  have  to  be  considered  as  well. 

TiUf than s a  has  made  economical  studies  to  optimize  the  usage  and  the  destinct  opera¬ 
tion  of  ground  support  equipment,  also  relative  to  the  layout  of  future  airports.  In 
conjunction  with  a  new  airport  the  return  on  investment  would  be  reached  within  one  or 
two  years  already,  considering  the  installation  of  a  Fixed  Electrical  System. 

Let  me  summarize  the  results  of  our  studies: 

FIv.-mI  Power  Systems.  made  available  Tor  suppling  electrical  power  (400  Hz/1 15V  A.U.) 
are  mobt  economical  on  major  airports,  depending  on  the  number  of  take-offs  and  landings 
per  day  and  the  number  of  gates.  Apart  from  the  great  potential  In  cost  and  fuel  energy 
savings  the  Central  Fixed  System,  when  uaod  for  supplying  aircraft  at  terminal  gates, 
has  the  iullowing  additional  advantage  over  the  GPU  and  the  APU;  No  environmental  pollu¬ 
tion  due  to  exhaust  caH«a;  no  noise  problem  and  no  congestion  around,  the  parked  airplane 
at  the  ramp. 

Central  ground  compressors  for  gate  operation,  supplying  pneumatic  power  an  board 
the  aircraft,  are  justified  for  major  airports  only  in  case  a  high  landing  frequency 
per  day  and  a  uniform  dispatch  profile  are  maintained  More  economical  would  be  a  decen¬ 
tralized  stationary  pneumatic  system,  achieving  highest  cost  savings,  when  compared  with 
the  APU. 

'■  Mobile  ACU's  and  ASU's,  either  used  as  single  or  combined  system  version,  are  cost 
and  fuel  saving,  when  compared  with  the  APU.  Wherever  ground  equipment  is  operated  on 
a  rental  banirj  (valid  for  most  LH  outside  stations),  the  savings  are  reduced  from 
approximately  70  percent  down  to  25  to  40  percent  per  operating  hour,  depending  on  the 
ground  support  mode  and  the  type  of  aircraft  operated. 


The  APU  is  fuel  and  cost  efficient.  If  operated  puch  bu^k  lor  main  engine 


A 


starting  and  during  taxiing  out. 

Recent  considerations  during  taxiing-out  are  to  .start  those  main  engines,  which  are 
not  required  for  rolling  the  aircraft  along  the  taxiway  from  its  parking  position  to 
the  take-off  point,  as  late  as  possible,  i.  e.  by  APU  power.  In  case  of  a  DC10,  for 
instance,  the  fuel  saved  by  the  centre  engine  during  taxiing  out,  due  to  delayed  engine 

start-up,  would  be  11  kg/min.  compared  with  2.5  kg/min.  consumed  for  the  extended  APU 

operating  time  at  idle  power  (N 1  =  53  %);  i.  e.  8.5  kg/min.  saving.  To  give  an  example: 
a  taxiing-out  time  of  5  minutes  and  a  delayed  take-off  of  additional  10  minutes,  due 
to  traffic  congestion  at  rush  hour,  would  mean  a  saving  of  50  USD  per  event. 

APU  electrical  power  supply  on  board  the  aircraft  is  economical,  provided  the  APU 

has  to  be  operated  for  air  conditioning,  i.  e.  cooling  »r  heating  at  the  gate  position. 

The  economical  decision,  to  either  operate  the  APU  or  any  alternative  ground  support 
equipment,  depends  on  a  number  oj.  airline  operational  factors  a;.1,  therefore,  sho'ld  be 
made  individually  on  a  station  by  station  basis.  The  most  important  factors,  inf.’  neing 
the  operational  requirements  and  power  supply  conditions  at  any  airport,  are: 
aircraft  type,  airport  equipment  availability,  passenger  load  factor,  passenger  cumfort, 
transit  or  final  destination  stop,  ground  time,  local  temperature  profile,  seasonal 
peaks,  cabin  temperature  prior  to  landing,  environmental  control  system  demand,  galley 
demand. 

5.  Plans  and  practical  approaches  to  achieve  cost  efficient  on  board  power 

From  the  cost  comparison,  presented  in  paragraph  4,  it  becomes  obvious  that  the 
highest  potential  of  fuel  and  cost  savings  would  b«  achieved,  if  electrical  ground  power 
from  a  fixed  Bystem  or  a  GPU  is  being  provided  as  t->e  only  one  requirement,  without  the 
need  for  parallel  cooling  or  heating  of  the  aircraft  cabin.  This  condition  doeB  exist 
in  those  cases  only,  where  the  ambient  temperature  would  permit  the  neglection  of  i he  air 
conditioning  supply  to  the  cabins.  Therefore,  prior  to  establishing  any  revised  operatio¬ 
nal  procedures  for  pneumatic  power  supply,  Lufthansa  has  reviewed  the  temperature  of 
the  cabins  and  the  cockpit,  with  s  ecial  respect  to  the  previous  and  revised  temperature 
ranges  to  be  applied  as  temperature  comfort  zones.  Several  evaluation  programs  have  been 
performed,  measuring  the  temperature  profile  on  board  our  aircraft  mainly  the  cooling- 
down  or  heating-up  time  of  the  cabin  on  the  ground  with  and  without  passengers,  shifting 
under  the  influence  of  outside  ambient  conditions  (i.e.  sun  radiation,  open  cabin  doors). 
Also  effects  of  cabin  pre-conditioning  by  main  engine  bleed  air  supply  during  aircraft 
approach  had  been  evaluated. 

To  support  the  experience  made  with  revised  temperature  comfort  zones  for  different 
fleets  under  the  influence  of  environmental  conditions,  yearly  statistics  of  a  German 
weather  research  station  have  been  reviewed  to  establish  a  guide  line  and  estimate  of  the 
average  air  temperature  (OAT)  distribution  during  an  annual  period. 

Average  Temperature  Distribution  per  \fear 
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Figuru  6  presents  a  plot  of  the  average  ambient  temperature  as  distributed  per  year. 
The  local  area  is  Frankfurt ,  being  th<  Lufthansa  main  base.  As  can  be  seen  on  figure  6 
the  lowest  temperature  in  the  airport  region  is  in  February,  early  spring  time,  and  the 
highest  temperature  peak  in  mid  August.  Based  on  the  annual  average  temperature  distri¬ 
bution  curve  in  approximately  50  percent  of  all  events  it  would  be  necessary  to  heat 
the  cabin,  only  in  10  percent  coolinc'-down  would  be  required.  Although  the  annually 
based  average  temperature  distribution  profile  would  differ  from  station  to  station,  it 
supported  our  basic  understanding  of  critical  and  nun-critical  temperature  zones  in  the 
aircraft  cabin.  On  figure  6  the  temperature  range,  without  air  conditioning  supply  is 
presented  in  its  previous  limits  (10°  C  to  21°  C)  and  in  its  revised  limits  (I0°C  to 
25°  C  for  dispatch) .  Another  reference  line,  at  +  5°  C  is  recommended  for  use  under  air¬ 
plane  transit  conditions.  Lxceedence  of  the  above  mentioned  non-critical  temperature 
zones  in  either  direction  (increasing  or  decreasing)  would  require  air  conditioning  supply 
by  the  APU  or  ACU  equipment.  The  revised  temperature  reference  limits  are  feasible  due 
to  the  fact,  that  latest  at  time  of  passenger  boarding  the  APU  will  be  started  for  pro¬ 
viding  APU  pneumatic  and  electrical  power  to  the  aircraft. 

After  a  successful  evaluation  period  of  1.5  years  on  board  our  A300  fleet,  we  have 
gained  a  confidence  level,  which  permits  the  application  of  the  revised  procedures 
in  close  cooperation  with  flight  operation  and  system  engineering. 


Airline  Supplementary  F 

for  Economical  lisa  of  APU 

Procedures  • 

•Vd  Preferred  Choice  of  Power- 
suoofy, required  on  the  Ground. 

Airplane 

Operational 

Mode 

OAT°C 

Ground 

Temperature 

Range 

Ground  Supply 

APU 

Recommended  Procedure*  for 
Cockpit  Crew  and  Ground  - 
Steff /Maintenance 

so 

I  Wet. 

MX 

KX 

Cool 

ASL 

wei 

EM 

LacW 

Waao 

mmi. 

Approach 

r  1 

balow  S°C 

abov.  25°C 

[-  . 

r 

Based  on  forecasted  cold  or  hot 

OAT’a,  warn  up  or  coul  down  cabin 
to  extend  time  during  which  on 
the  ground  APU  is  not  required 
for  Airconditioninn 

L 

After 

Lending 

balow  5°C 

m 

i 

X 

X 

X 

Provided,  electrical  ground  powsr 
is  available  and  ground  t i rar  ia 
>1  hour  ,  do  not  atart  ATU  alter 
touch  down. 

( Except  Ion  t  7<*7,  A HIJ  operation 
required  for  pull  In  airport 
position).  Electric  UP'J  should 
he  connected  to  Aii  aft 
immediately  after  ....  block. 

batwaan 

5°C«nd25°C 

abova  25°C 

m 

m 

r 

X 

X 

Transit 
<jc1  Hour 

With  passengers,  remaining  mi 
board,  APU  ahould  be  started  after 
landing,  regard  leas  recommended  OAT 
temperature  range  (Narrow  Body) 

Transit 
>  1  Hour 

balow  5°C 

1 

I 

X 

X 

Electrical  ground  power  ill’ll  nhall 
be  used  until  passenger  hoarding, 

If  possible,  but  at  Irani  up  to 

15  minute*  after  bring  on  block. 

balwaon 

5°C  and  25^5 

abova  2S°C 

I 

i 

1 

... 

X 

X 

X 

Dispatch 

balow  1CPC 

i 

i 

X 

X 

In  ca*e  of  prolonged  ground  time, 
•tart  up  APU  approx.  <5  mlnutea 
before  dispatch.  Principally, 
regard  leas  OAT  PI  cure,  APU  should 
be  started  latent  at  paaawnger 
boards  ,>g. 

between 

X 

X 

_i _ ...  w.n- 

■wow  WU 

3$ 

V 

A. 

\s 

A 

Main  En(|. 
Starting 

i 

it 

HE$  shall  be  performed  in- ing 

Aircrart  push  »•"  *.  as  lgti»  aa 
possible.  Afterwards  shutdown  JtPU. 

Taxiing  out 

[f  tnxilng-out  with  del.-iy**!  tart  i>r 
i  e  main  engine, APU  is  fe.pl  running 
'or  starting  engine  prior  to  tsfee  off 

Parking 

No  API!  operation 

Figure  7 


Figure  7  presents  details  of  the  recommended  procedures  under  various  aircraft 
operational  modes  with  the  preferred  choice  of  the  most  economical  power  supply,  i.e- 
either  ground  equipment  or  on-board  APU.  The  procedures  reflect  the  economical  use  of 
the  APU  and  can  be  described  best  by  following  general  rules  for  ground  maintenance 
personnel  and  cockpit  crews: 

At:  airplane  diupaLcii  witli  OAT's  between  1U0  C  and  2'.v  r  and  during  transit  '  tween 
5**  C  and  25°  C  normally  cabin  and  cockpit  do  not  require  air  conditioning. 


12-10 


-  Once  cockpit  and  ground  personnel  have  ensured  -  by  checking  a  weekly  updated  status 
list  -  that  appropriate  and  reliable  ground  power  equipment  is  available  at  a  specific 
airport#  this  ground  power  shall  be  s'  Lied  to  the  aircraft  after  landing,  without 
starting  the  APU. 

-  In  general,  the  use  of  the  APU  for  air  conditioning  should  be  initiated  only,  if 
passenger  comfort  and/or  cockpit  cabin  crew  working  conditions  are  impaired. 

-  The  cockpit  crew  takes  full  responsibility  to  judge  the  need  of  APU  operation  for 
air  conditioning  purpose. 

-  With  APU  running,  both  pressurized  air  for  air  conditioning  and  shaft  load  for  elec¬ 
trical  power  shall  be  provided,  since  economical. 

-  Based  on  forecast  OAT's  on  the  airport  the  aircraft  cabin  should  be  pre-air  condio- 
ned  during  approach  (i.  e.  cabin  should  be  warmed  up  in  case  ambient  ground  temperature 
is  below  10°  C  and  should  be  cooled  down  in  casie  ground  temperature  is  above  25°  C.  A 
temperature  differential  of  3  to  4°  C  will  already  provide  sufficient  margin  to  extend 
ground  time  without  the  need  for  air  conditioning  supply). 

Ah  a  first  step  the  supplementary  procedures  for  the  economical  use  of  the  APU's  in 
our  fleets  have  b*on  set  up  and  Introduced  into  the  flight  crew  operations  manual  and 
meanwhile  are  being  applied  to  all  fleets,  operating  on  European  and  North  American 
routes.  A  similar  coat  efficient  program  on  other  routes  will  follow.  We  are  aware  of 
the  fact,  that  the  recommended  procedures  •’'re  conditional  procedures;  this  means,  they 
depend  on  the  individual  decision  of  flight  crews,  judging  on  the  momentary  specific 
requirements  for  air  conditioning  and  passenger  comfort  on  board  the  airplane. 

As  a  direct  consequence,  after  having  started  the  APU  reduction  program,  the 
evolution  of  the  APU  usage  factors,  shows  a  drastic  decrease,  primarily  <>n  the  wide 
body  fleets  B747,  DC1 0  and  A300  (by  40  *,  35  I  and  4B  %  respectively,  during  period 
I960  to  1 982) . 

Figure  8  is  referring  to  the  evolution  of  the  APU  usage  factor . 


Evolution  of  APU- Usage  Factor* 

Jffli 


m  ai  u  it  at  i2  it  ii  12  at  n  it  it  n  it 
Boeing  747  DC  10  A  300  Boring  727  Booing  737 


l 

As  can  be  seen  from  t.he  graph,  the  narrow  body  APU's  are  still  used  more  often 
Mian  expected.  Apparently  this  is  due  to  short  to  medium  operation  of  the  B727  and  B737,  | 

and  transit  times  shorter  than  1  hour.  j 

The  APU  operating  costs  during  the  observed  period  have  also  decreased,  as  expected.  J 

The  downward  trend  is  indicating  an  APU  operating  cost  reduction  in  the  order  of  ,  j 

30  percent  for  1982.  j 

I 


*  1 

* 


l 


>&* 
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(j .  O  <clusion  and  recommcndaMonn  for  future  APU  operation 

The  promising  results,  which  up  to  now  have  been  reached  by  the 
Introduction  of  the  cost  efficient  airlines  program,  optimizing  the 
economical  use  of  on  board  power  support  equipment,  justify  the 
feasibility  of  the  recommended  operating  procedures.  The  author  believes 
that  the  utilization  of  the  Auxiliary  Power  Units  in  the  Lufthansa 
fleets  can  be  further  reduced,  although,  with  respect  to  the  Boeing  747 
APU  operation,  the  APU  usaqe  factor  has  already  decreased  to  a  level, 
which  would  represent  a  minimum  practicable  APU  operating  time  at  all. 

The  Auxiliary  Power  Unit  bring  capable  of  supplying  multiple  power 
to  the  aircraft  makes  commercial  airlines  entirely  in  apendent  of  ground 
facilities  and  in  addition  will  improve  the  airplane  redundancy  during 
dispatch  and  in  flight.  This  might  be  required  because  of  a  main  engine 
power  generation  problem  or  for  wing  anti-icing  reasons.  APU' 3,  installed 
in  commercial  fleets,  will  retain  the  operational  flexibility  oi  an 
airline  and,  therefore, have  still  their  technical  and  economical  justi¬ 
fication,  in  spite  of  fuel  saving  considerations. 

It  should  be  the  task  of  the  aircraft  manufacturers  and  the  APU 
manufacturers,  in  close  cooperation  with  the  airlines,  to  specify  and 
design  future  APU  auxiliary  power  systems  for  commercial  aircraft,  which 
are  optimized  regarding  the  aircraft  power  demanus  and  at  the  same  time 
are  more  cost  efficient  to  airlineB. 


DISCUSSION 


P.Vaquez,  Fr 

What  has  heen  the  influence  of  modificarions  recommended  by  manufacturers  on  maintenance  cost? 

Author’s  Reply 

The  incorporation  of  fuel  saving  modifications  (A300  and  IK?  10  APU  N 1  speed  reduction)  had  a  twofold  positive 
influence  on  the  maintenance  costs:  First,  the  APU  fuel  cost  per  operating  hour  are  reduced  by  2,  5  percent,  and 
second,  due  to  the  reduced  N 1  spool  speed  (i.e.  5  to  6%  less  than  the  certified  value)  the  cyclic  life  of  the  APU  hot 
section  paits  is  being  improved.  This  means  reduced  overhaul  costs  due  to  less  parts  replacement,  mainly  high  cost 
drivers. 


C.  Rodgers,  US 

Have  you  determined  ulditional  fuel  cost  required  to  pre-cool  cabin  on  approach  as  compared  to  using  the  APU? 
Author’s  Reply 

Additional  fuel  costs  to  pre-cool  or  warm-up  the  aircraft  cabins  during  approach,  in  accordance  with  hot  or  cold 
ground  temperatures,  had  been  calculated  for  wide  body  aircraft,  based  on  certain  assumptions.  Figures  have  still 
to  be  verifled  by  actual  tests.  Accordingly  the  additional  engine  fuel  costs  due  to  engine  bleed  air  subtraction  with 
distinct  temperature  requirement  will  be  less  than  APU  fuel  costs  on  the  ground  (i.e.  approximately  25%  of  the 
actual  APU  fuel  costs). 


R. Smith,  US 

Fuel  costs  were  shown  in  1982  US  $.  Does  tins  reflect  your  cost  tactual)  as  purchased  over  your  route  structure  and 
then  adjusted  to  reflect  currency  exchange  rales? 

Author’s  Reply 

Yes!  But  please  note:  As  the  actual  APU  fuel  consumption  per  operating  hour  is  not  measured  during  operation 
(there  are  no  APU  fuel  flow-mctcrs  installed  in  Mte  aircraft!),  oui  calculation  is  based  on  average  APU  fuel 
consumption  figures,  taken  from  APU  test  bench  results  under  typical  load  conditions,  times  APU  operating  hours, 
recorded  over  the  period  of  time. 
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*** This  paper  presents/ some  observations  based  on  experience 
with  a  new  generation /err Auxiliary  Power  Unit  (APU)  installed 
in  ^commercial  transport  aircraft.  The  subjects  considered  are 
operational  requirements  and  efficiency'  of  the  APU  in  the  various 
operating  mode _f articular  importance  is  attached  to  such  matters 
'■'Including  the  tadrors  determining  ehe^APU  performance  characteristics 
with  respect  to  a  cost  effective  APU  system.  These  considerations  are 
conducted  with  a  look  at  ‘ftittrre^development  trends^seen  from  the  pointed  Vtr  i ■»/ 
-Qt  view  of  the  aircraft  manufacturer.  '9  -  . 
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1 .  INTRODUCTION 

Increasing  fuel  prices,  and  the  resulting  higher  costs  for  the  production  of 
energy  have,  over  the  past  few  yoars,  made  the  airborne  auxiliary  power  units (APU) 
in  commercial  transport  aircraft  a  major  point  of  Interest. 

In  future  generations  of  transport  aircraft,  the  airborne  APU  will  continue  to 
be  the  basis  of  the  on-board,  Independent  power  supply  and  it  is,  of  course,  ob¬ 
vious  that,  from  the  operator* s  point  of  view,  coats  should  be  kept  to  a  minimum. 

initially,  the  Airbus  A31Q  and  its  APU  will  be  used  to  illustrate  the  present 
state  of  the  art  of  APU  development,  and  also  to  examine  the  possibilities  of  mini¬ 
mizing  the  operational  costs  of  the  APU  from  the  aircraft  manufacturer’s  point  of 
view;  eventually,  specif icationa  and  requirements  will  be  established  as  Design 
guidelines  for  the  APU  manufacturer. 

Another  topic  discussed  under  this  title  is  the  integration  of  the  APU  into  the 
"Inflight  Auxiliary  Power  Generation  System"  of  the  aircraft,  with  due  consideration 
of  the  effectB  on  APU  design. 


2.  THE  APU  IN  PRESENT-DAY  COMMERCIAL  TRANSPORT  AIRCRAFT 
2.1  HISTORY  OF  APU  DEVELOPMENT 

Based  on  the  history  of  APU  development,  this  section  further  explains  the  pre¬ 
sent  Btate  of  the  art  of  APU  technology:  three  development  stages  lead  to  the  gene¬ 
ration  of  APU' s  that  are  today  flying  in  current  commercial  transport  aircraft. 

1st  stage  -  Integral-bleed,  single  spool  APU 

2nd  stage  -  Interstage  bleed,  twin  spool  APU 

3rd  stage  -  Direct  driven  Load  compression,  sinqle  sj>ool  APU. 

1ST  STAGE 

Figure  1  (see  appendix)  preacntu  a  schema'  ic  build  up  of  an  integral-bleed,  single 
spool  APU.  The  unit  Is  made  up  of  a  single-shaf t  gas  turbine,  a  gear  box,  which  is 
direct-driven  from  the  gaa  turbine,  and  a  generator  driven  from  the  gear  box.  The  APU 
is  operated  at  constant  speed  throughout,  alnce  the  generator  speed  must  be  kept 
constant;  bleed  nl1  supply  Is  bled  downstream  of  the  gus  turbine  compressor.  Again, 
this  type  of  APU  is  identified  by  an  unsophisticated  construct  Lonal  buildup  and  me¬ 
chanical  control.  The  generation  of  the  Lleed  air  supply  by  the  gas  turbine  compressor 
does,  however,  lead  to  a  lower  level  of  efficiency  for  the  APU  under  partial  load 
conditions. 

With  this  conception,  everv  effort  has  been  directed  towards  Lmnrovlng  the  APU 

design  an  a  measure  to  counteract  the  increasin':  ccr.t  of  fuel. 


2ND  STAGE 


3-2 


The  interstage-bleed  auxiliary  power  unit  represents  an  intermediate  stage  in  APU 
development,  a  typical  build-up  is  Bhown  in  Figure  2  (see  app.)  and  is  similar  to 
that  of  a  twin-spool  engine,  each  with  it's  own  compressor,  turbine  and  controls. 
Bleed-air  parts  are  situated  between  the  LP  compressor  and  the  HP  compressor.  The 
high-pressure  spool  drives  the  gear  box  from  which  the  generator  drive  is  taken,  and 
thus  thiB  high-pressure  spool  speed  must  be  kept  constant,  -  this  is  a  prerequisite 
for  a  generator  driven  from  the  gear  box.  The  APU  power  output  can  be  regulated  to 
meet  the  prevailing  demand  by  controling  the  speed  of  the  low-pressure  spool  according¬ 
ly.  Due  to  the  fact  that  drive-power  and  usable-power  generation  are  thermodynamically 
coupled  in  thiH  type  of  APU  design,  sophisticated  and  expensive  controls  are  necessary; 
the  resulting  considerably  increased  complexity  is  responsible  for  the  relatively  high- 
cost  maintenance  operations  which  are  required  for  this  APU  type. 

3RD  STAGE 

The  latest  stnge-ao  far-  in  APU  development  is  represented  by  the  typo  described 
in  paragraph  2.2. 1j  this  APU  type  combines  system  simplification  with  a  high  degree 
of  efficiency  under  partial  load  conditions.  Full  electronic  control  1b  a  consider¬ 
able  contribution  to  the  mechanical  simplicity  of  the  APU. 

Bumming  up  the  above-described  developments,  it  can  be  said  that  in  the  n«»*r 
future  few  essential  changes  wilj  Ue  made  to  the  unsophisticated  basic  buildup  of  the 
APU]  therefore,  any  plans  for  a  cost  reduction  in  the  field  of  APU  operation  will 
have  to  concentrate  on,  and  probably  be  restricted  to,  the  improvement  of  individual 
components  of  the  APU;  e.g.  higher  efficiency  of  compressor  and  turbine,  improved 
reliability,  etc. 

2.2  THE  AIRBUS  A3 10  AND  ITS  APU 

The  airborne  auxiliary  power  unit  supplies  bleed  air  and  electrical  power 
for  self-contained  operation  of  the  aircraft,  that  means  that  aircraft  operation 
is  independent  of  ground  power  sou tees. 

The  major  design  criteria  of  the  APU  are  dictated  by  the  primary  tasks  to  be 
performed  on  the  ground,  with  main  engines  off.  The  following  tasks  are  typical  of 
the  APU  Installed  in  the  AJ10  - 

.  provide  bleed-air  for  main-engine  starting  (MES)on  the  ground,  at  airfield 
attitudes  ranging  from  -  1,000  ft  (-305  m)  to  8,000  ft  (2,440  m)  AMUL. 

.  provide  bleed-air  for  air  conditioning  of  passenger  and  flight  crew  com- 
partmonts,  at  airfield  heights  ranging  from  -1,000  ft  (-305  m)  to  8,000  ft 
(2,440  m)  AMSL. 

.  provide  full  rated  shaft  power  to  drive  a  90  kVA  AC  generator,  while  meeting 
the  demands  of  air  conditioning  and/or  main  engine  starting  bleed-air  aupply 
simultaneously . 

On  the  AMO,  no  provision  la  made  for  the  direct  supply  of  the  hydraulic  Bystem, 
via  an  APU-driven  pump,  it  is-  however,  possible  to  provide  hydraulic  power  aupply 
during  APU  operation  by  using  the  airborne  electrical  power  system  and  an  olectrical- 
ly  driven  pump. 

The  APU,  which  io  primarily  designed  for  ground  operation.  Is  also  available  in 
flight  to  fulfill  a  number  of  tasks,  viz: 

.  to  provide  blend  air  for  air  conditioning  only,  up  to  an  altitude  of  20,000  ft 
(6,096  m) . 

.  to  provide  bleed  air;  for  emergency  anti-icing  of  wing  leading  edges,  up  to  an 
altitude  of  20,00"  ft  (6,096  m) ,  whilst  also  meeting  minimum  environmental 
control  system  pe/ refinance  requirements. 

.  ]  rovldo  shaft  power  to  drive  a  90  kVA  generator,  which  can  be  loaded  with 
90  kVA  up  to  35,00D  ft  (10,660  in)  and  with  75  kVA  up  to  41  ,000  ft  (12,497  m)  . 

With  a  view  '•  o  obtaining  and  maintaining  the  above  mentioned  in-flight  perfor¬ 
mance  values,  (lie  design  of  the  'PU  installation  has  been  adapted  to  flight  condi¬ 
tions,  while, at  the  same  time,  •  -<e  retaining  of  low  installation  pressure  losses  for 
ground  operation  was  given  duu  consideration  as  an  overall  condition. 

In-flight  performance  data  for  the  APU  are  of  particular  impor  ance  for  twin- 
engined  aircraft.  With  one  main-engine  generator  -  or  one  main-engine  bleed-air 
system  -  failed,  the  aircraft  remains  fully  operational,  .in  the  apu,  t oge* h«*r  with  the* 
u,  viewable  system  of  the  other  engine,  will  provide  redundancy  of  systesis.  Thus 
th  APU  contributes  considerably  to  the  high  dispatch  reliability  oi  the  Airbus, 
vi<i ch  stands  at  98  percent  or  high  c  for  the  AJ00  in  ai/line  service.  The  APU 
operating  envelope  for  the  A310  is;  presented  in  Figure  3  (see  app.):  It  allows  that 
the  APU  can  be  operated  throughout  the  *-  tire  flight  envelope  of  the  tircraft,  this 
is  a  typical  feature  of  the  new  gene  rat  1  on  of  ?n0— .'tt-f**-  *»bor  t/mediu^.  luiigo  import 
ai.rcral  t. .  . 


2.2.1  DESIGN  AND  CONSTRUCTIONOF  A  MODERN  APU 


Design  and  construction  of  the  APU  should  be  aimed  firstly  at  economical 
operation,  whilst,  as  far  as  possible,  meeting  the  following  particular  require- 
mento  s 


.  low  weight  combined  with  high  performance 
.  low  fuel  consumption  (even  under  partial  load  condition) 

.  economical  maintenance 
.  long  service  life 
.  simple  handling. 

Here,  again,  the  APU  of  the  Airbus  A310  can  be  used  to  demonstrate  the  pi  sent 
Btate  of  the  art,  particularly  with  regard  to  the  above  detailed  engineering 
specifications. 


2.2.2  THE  ENG'NEERING  FEATURE;;  OF  A  MODERN  APU 

The  constructional  and  control  features  of  the  APU  are  prerequisite  to  the 
economical  operation  of  the  unit.  The  present  generation  of  auxiliary  power  units 
is  exemplified  by 

.  modular  design 
.  direct  driven  load  compressor 

.  load  compressor  output  regulated  by  inlet  guide  vanes  (IGV) 

.  full  digital  electronic  control 
.  single  spool  /  constant  speed 

Fig.  4  (see  app.)  shows  the  schematic  build-up  of  an  APU  incorporating  these 
features}  it  is,  basically,  a  single-shaft  design,  but  is  divided  into  three 
modules  -  power  section,  lead  compressor,  gear  box.  The  single-shaft  gas  turbine 
provides  direct  drive  for  the  load  compressaor  and  the  gear  box. 

To  comply  with  the  constant-speed  drive  requirement  of  the  gear  box-driven 
generator,  the  entire  APU  thus  operates  at  constant  speed .Nevertheless,  to  en¬ 
sure  an  individual  supply  to  the  aircraft  penumatic  syatero,  variable  inlet  qu.4de 
vanes  are  located  upstream  of  the  load  compressor.  The  airflow  la  controled  by  mo¬ 
dulating  these  Inlet  guide  vanes  based  on  aircraft  demands,  as  defined  by  an 
electrical  demand  signal  from  the  APU  electronic  control  box.  Air  developed  by 
the  load  compressor  which  la  not  utilized  by  the  aircraft  pneumatic  system,  must 
be  vented  overboard  through  the  surge  control  valve. 

The  control  features  of  the  APU  comprise  essentially  the  fuel  supply  control-, 
IGV  adjustment  and  load  compressor  surge  protec' ion  by  means  of  a  surge  control 
valve. 


This  type  of  APU  has  a  minimum  number  only  of  al  frame  interfaces}  thus,  the 
load  compressor,  the  power  section  and  the  cooling  fan  are  supplied  from  one 
common  air  Intake.  Exhaust  gas,  gear  box  vent  and  surge  air  are  ducted  together 
within  the  APU  exhaust  duct. 


The  build-up  philosophy  of  this  APU  conforms  to  .the  g  neral  requirements 
specified  in  2.2  with  the  following  features t 

By  nepirrtting  th*  power  section  and  bleed  air  generation,  it  is  possible  to 
choose  a  simple  thermodynamic  design  tor  the  power  sectioi  ,  and,  hence,  to  com¬ 
bine  a  high  degree  of  efficiency  with  a  low  power- to-we i uht  ratio  and  a  relatively 
low  specific  fuel  consumption. 


The  load  compressor  output  is  regulated  by  IGV's,  where  output  is  a  function  of 

to  a  minimum,  if  shaft  power  only  is  demanded  (approx.  20  percent  of  max.  power 
output).  The  advantages  of  this  arrangement  are  good  adaptability,  and  a  resultant 
low  fuel  consumption  for  the  APU  under  partial  load  conditions. 


The  APU  also  offers  a  good  in-flight  performance  when  power  is  demanded  for 
generator  operation  only,  since  lead  compressor  power  can  be  considerably  reduced. 


The  simple  build-up  and  the  modular  cont  ruction  provide  for  eauy  installation 
and  good  accessibility.  As  a  result,  the  unsophisticated  APU  system  c  fers  many 
advantages  in  maintenance  and  handling  characteristics. 

The  full-authority  microprocessor  electronic  controler  is  a  major  element  in 
the  APU  technology  advancement  achieved.  Thu  controler  provides  safe,  precise, 

«tiid  fuel  efficient  operation. 
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Equally  important,  the  use  of  the  microprocessor ,  in  conjunction  with  other 
Built-In-Test  Equipment  (BITE) ,  makeB  it  possible  to  isolate  quickly  component 
malfunctions,  and  display  this  information  on  an  LCD  back-lit  panel.  Bee  Figure  5 
(see  app. ) . 

The  system  checks  for  faults  prior  to  each  APU  start  and  then  continues  to 
monitor  system  operations  while  the  APU  is  running.  A  Self-Teat  mode  allows  a 
quick  check  of  maintenance  actions,  and  mini-flag  interrogation  permits  detailed 
system  trouble-shooting.  Non-crltical  faults  are  recognized,  and  alternate  values 
are  substituted  into  controi  logic  to  allow  continued  operation. 

An  adjustment  feature  incorporated  in  the  front  panel  of  the  ECB  allows  re¬ 
duction  in  APU  output  power,  if  a  particular  airline  route  structure  allows  APU 
de-rating  in  order  to  minimize  APU  fuel  consumption,  and  maximize  APU  life. 
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2.2.3  THE  APU  POWER  RATING 

Power  rating  of  the  APU  installed  in  the  Airbus  A3 10  is  governed  by  the  output 
demands  of  the  various  aircraft  systems,  as  represented  by  the  power  demands  of  the 
airconditioning  system  during  operation  on  the  ground,  the  airborne  electrical  power 
loads,  and  the  pneumatic  power  required  for  main  engine  starting; these  principally 
define  the  dimensions  of  the  APU  power  output. 

The  power  requirements  of  the  air  conditioning  system,  when  supplied  by  the  Ak»U, 
are  identified  by  short-term  cabin  cool  down/pull  up  periods,  e.g.  at  an  ambient 
temperature  of  38 °C  on  the  ground,  it  is  possible  to  cool  an  aircraft  interior  which 
has  heated  up  to  38°C,down  lo  27*C, within  30  minutes. 

The  power  consumption  of  the  engine  starting  system  is  governed  by  the  planned 
start-up  time;  thus  the  A310  is  able  to  reach  a  start-up  time  of  t  ■  30  sec.,  or  less 
(ISA  standard  conditions,  sea  level) . 

The  APU  installed  in  the  A310  is  able  to  satisfy  full  rated  generator  load 
demand  together  with  the  required  max.  bleed  air  output;  electrical  power  loads  are 
independent  from  the  air  conditioning  or  the  engine  starting  system  (pneumatic)  loads. 

In  practice,  extreme  loading  of  the  APU  occurs  only  occasionally,  and  Figure  6 
(see  app.)  shows  a  typical  APU  duty  cycle.  This  Illustrates  that  the  full  thermo¬ 
dynamic  performance  of  the  APU  is  used  during  only  5  percent  of  Its  operational  time; 
during  95  percent  of  the  operational  time,  the  demanded  power  output  is  considerably 
lower  than  the  rated  power  of  the  APU.  Since,  due  to  the  unsophisticated  build-up  and 
the  high  degree  of  reliability  to  be  achieved,  the  thermodynamic  design  is  rather 
conservative,  t  e  comparatively  low  average  loading  of  the  APU  will  have  a  positive 
effect  on  the  i  liability  and  on  the  service  life. 


3.  APU  OPERATIONAL  EFFICIENCY 

The  APU  operating  coats  are  Influenced  by  V  following  factors: 

.  operational  time 
.  level  of  (remanded  power  output 
.  degree  of  efficiency  of  APU 
.  maintenance  and  overhaul  costs  (reliability) 

.  tndlrect  costs  shared  by  APU  as  part  of  aircraft  weight. 

The  APU  manufacturer  can  contri  ate  considerably  to  the  efficiency  of  the  APU 
and  to  the  level  of  maintenance/ove  haul  expenses,  as  he  is  responsible  for  the 
build-up  and  tho  thermodynamic  design  characteristics  of  the  APU;  he  will  also 
select  suitable  materials  to  limit  the  APU  weight.  The  design  of  an  APU,  therefore 
reflects  the  continuous  effort  to  achieve  the  synthesis  between  fuel  consumption 
(efficiency) ,  weight,  reliability  and  material  costs,  as  related  to  the  required 
performances.  Based  upon  the  principle  of  the  direct  driver  load  compressor,  the 
APU  build-up  has  now  reached  an  optimal  stags  of  development,  mo  that  any  further 
improvement  of  the  APU  In  the  immediate  future  will  be  restricted  to  the  optimi¬ 
zation  of  detail  parts,  as  previously  stated. 
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The  operational  time  of  the  APU  ia  directly  controled  by  the  aircraft  operator. 
Goat-conscious  operation  will  considerably  reduce  APU  fuel  consumption,  for  example: 

-  By  switch  lg  off  the  APU,  where  a  demand  for  aircraft  air  conditioning  does 
not  exist;  and  hence,  by  making  use  of  available  ground  power  sources  for  the  direct 
supply  of  the  airborne  electrical  power  system. 

-  By  fully  utilizing  the  power  rating  of  the  APU  for  the  air  conditioning  system, 
i.e.  restriction  of  APU  operation  to  a  period  of  20  -  40  minutes  before  boarding 

of  passengers,  where  cooling-down  or  heating-up  of  the  cabin  is  required. 

-  By  always  starting  main  engines  on  APU  whenever  possible  (the  most  efficient 
method) . 

The  levels  of  the  power  output  demands,  which  control  the  size  of  the  APU, 
are  governed  by  the  relevant  aircraft  system  specif ications  (air  conditioning, 
starting,  electrical  power)  and  their  power  requirements.  The  performance  data 
of  thane  aircraft  systems  are  again  defined  by  the  aircraft  manufacturer,  with 
contributions  from  the  customer,  as  the  eventual  operator.  Possible  improvements 
of  APU  design,  particularly  with  regard  to  specific  physical  properties,  may  now 
be  considered  in  the  following  paragraphs. 


3.1  IN-FLIGHT  AUXILIARY  POWER  UNIT 

A  current-generation  APU  is  characterized,  among  other  features,  by  effective 
utilization  under  in-flight  conditions  at  higher  altitudes;  this  feature  seems 
to  recommend  the  utilzation  of  the  APU  throughout  the  entire  flight  envelope. 

The  auxiliary  systems  of  the  Airbus  are  basically  divided  into  two  separate 
supply  circuits,  partly  due  to  the  design  philosophy,  but  always  the  result  of 
the  relevant  redundancy  requirements.  Engineering  problems  are,  however,  created 
by  the  incorporation  of  the  APU  into  the  entire  flight  envelope. 

With  parallel  operation  of  main  engines  and  APU  supplying  the  air  conditio¬ 
ning  system,  no  direct  coupling  of  the  systems  can  be  allowed,  due  to  mutual 
Interference.  For  this  rsason,  a  considerable  -  and  unjustifiable  -  technical 
expenditure  would  be  required ,  for  example,  the  provision  of  a  third  air  condi¬ 
tion  pack. 

The  addition  of  a  third  generator  to  the  airborne  electrical  power  supply 
system  of  the  Airbus  would  mean  the  addition  of  a  third  supply  circuit,  or  the 
synchronization  of  the  three  generators.  The  generation  of  electrical  power 
by  the  APU  under  in-flight  conditions  is  less  economical  than  by  main  engine 
generation,  and  this  factor  also,  does  not  commend  full  utilization  of  the  APU 
under  in-flight  conditions. 

The  Integration  of  the  APU  into  the  "in-flight  auxiliary  power  generation" 
concept  does  not  offer  any  engineering  or  economical  advantages;  therefore, 

APU  design  should  be  confined  to  ground  operation  in  commercial  transport  air¬ 
craft.  In-flight-  operation  of  the  APU  will  remain  ricted  to  the  replacement 

of  a  main  engine  generator  or  bleed  air  system,  in  *  -'-e  of  failure,  within  the 
limitations  of  the  de»lgn  as  defined  by  ground  operation  conditions.  In  order 
to  utilize  the  APU  load-potential  to  the  fullest  extent,  for  in-flight  operation 
also ,  the  special  requirements  of  air  intake  and  exhaust  must  be  complied  with, 
as  fur  example,  a  "Scope"  inlet. 


i  2  improved  apu  power  rating 

The  design  philosophy  for  an  Airbus  APU  has,  so  far,  been 
demands  of  the  relevant  aircraft  systems  -  air  conditioning,  i 
airborne  electrical  power  supply.  This  philosophy  reiiulted  in 
of  loads.  Ab  an  example.  Figure  7  (boo  app.)  presents  a  graph 
APU  load  in  cabin  conditioning  mode  as  a  function  of  ambient 
shown  in  2.2.3  above,  full  APU  rating  is  demanded  only  under  ■ 
temperature  conditions;  that  means  that  some  5  percent  of  the 
modes  define  the  power  rating  and  the  dimensions  of  the  APU, 
to  be  based  on  max.  demand  conditions. 


governed  by  the 

starting  system, 
a  wide  variety 
illustrating  the 
temperature.  As 
extreme  ambient 
APU  operational 
as  the  design  is 


The  specific  consumption  of  currant  APU  types  is  satisfactory,  even  under 
comparatively  low  output  demand  conditions.  The  efficiency  does,  however, 
deteriorate  with  decreasing  output  demand ,  so  that  a  design,  which  is  based 
on  high  peak  demands ,  will  produce  a  negative  effect  on  duty  cycle  fuel  Durn 


I 


13-6 


When  considering  the  definition  for  a  150-sea ter  commercial  transport 
aircraft  for  the  nineties,  the  question  of  a  new  APU  design  philosophy,  to 
be  based  with  preference  on  the  physical  characteristics,  was  first  dis¬ 
cus  aed , 

A  commercial  transport  of  the  new  generation  will  have  comparatively 
high  cyst  m  weights  in  comparison  with  derivatives  of  previous  aircraft 
types;  this  stems  from, among  other  causes,  the  high  system  performance 
requirements  -  including  that  of  the  APU  -  for  the  new  aircraft;  there¬ 
fore,  the  definition  of  a  new-generation  APU  was  influenced  by  a  wide 
variety  of  demands,  similar  to  those  fcr  the  APU  of  the  Airbue  A3 10. 

In  practice,  an  improved  APU  design  represents  an  improved  utilization 
of  a1!  available  APU  power  rating.  Less  efficient  utilization  of  the  APU 
rate'  power*  output  may  arise  from: 

.  trends  to  cut  main  engine  starting  time. 

.  comparatively  high  air  conditioning  output  demands  at  axtrelno 
ambient  temperatures. 

.  generation  of  maximum  bleed  air  output  combined  with  full  rated  gene¬ 
rator  load. 

Figure  6  (nee  app.)  illustrates  the  Influence  of  main  engine  starting 
time  cm  the  bleed  air  output  available.  Whereas  today,  starting  time  values 
of  30  sec.  or  less  are  practised  on  the  Airbus  A3 10  (ISA  standard  conditions, 
sea  lovel} ,  extended  starting  time  values  -  up  to  40  sec.  -  would  considerably 
reduce  the  APU  power  output  demand  in  the  main  engine  starting  mode. 

The  full  power  rating  of  thh  APU  will  only  be  demanded  under  high 
ambient  temperature  conditions,  when  air  conditioning  and  airborne  elec¬ 
trical  power  have  to  be  supplied  simultaneously.  As  mentioned  above,  for  the 
A310,  the  APU  design  point  is  defined  by  the  cabin  cool-down  time  to  be 
achieved.  At  sea  level,  for  example,  with  an  ambient  temperature  of  38 DC, 
the  time  required  to  cool  down  the  cabin  from  38 “c  to  27 °C  is  30  minutes. 

If,  however,  this  period  were  to  be  extended  to  40  minutes,  the  APU  load 
would  be  reduced  by  20  percent. 

Nevertheless,  the  design  of  the  APU  need  not  be  bas'd  on  the  simultaneous 
supply  of  max.  bleed  air  output  and  full  rated  generator  load.  During  normal 
ground  operation  of  the  aircraft,  there  will  bnly  be  a  short-term  peak  demand 
for  max.  bleed  air  and  el**<  f  rical  power  to  be  supplied  by  the  APU  at  the 
same  time;  therefore,  the  Ai‘U  could  be  designed  to  supply  max.  bleed  air 
output  together  with  normal  electrical  load.  Figure  /  (see  app.)  shows  that 
the  adaption  of  the  APU  dosign  to  such  physical  char*  -tori sties  leads  to  a 
reduction  in  the  APU  performance  requirements  at  extreme  ambient  conditions 
(operation  under  "hot-day"  conditions) ;  thus  the  APU  design  could  be  based 
on  a  reduced  power  rating,  with  improved  fuel  consumption  and  a  lower  APU 
weight.  However ,  an  APU  designed  along  these  lines  would  have  to  carry 
higher  loads  than  the  APU  in  the  A310.  it  will,  therefore,  be  important 
to  ensure  that  the  experience  gained  from  the  operation  of  the  first  gene¬ 
ration  of  n  w  APU's  is  incorporated  in  the  design  of  any  new  APU,  so  that 
higher  lor  1  can  be  combined  with  constant  (or  improved)  i el  lability  and 
economica  maintenance. 

A  certain  reduction  in  convenience  v ' 11  result  from  the  reduction  of 
APU  sizo,  and  customers  will  need  to  dei  du  whether  future  APU  designs  will 
tend  to  have  physical  properties  as  the  primary  consideration. 


4.  FUTURE  DEVELOPMENT  TRENDS 

Design  features  of  future  APU’s  will  be  strongly  inf1  -tend  by  fuel  price 
trends.  Even  if  it  Is  assumed  that  there  will  be  few  maj  i  changes  to  the 

basic  build-up,  in  the  sense  that  the  direct  driven  load  compressor  concept  ; 

is  retained,  rising  feel  costs  will  encourage  the  Introduction  of  more 
economical  equipment  c.g.  integrated  drive  generator  (IPG)  or  variable  speed 

constant  frequency  sy.tem  (VSCF)  -  into  the  APU  concept.  With  V-CF  or  iIk;,  . 

the  variable  speed  feature  ia  added  to  the  single  spool  APU,  which  would  pro¬ 
vide  tor  the  further  improvement  of  efficiency  under  partial  load  conditions.  j 

Changing  from  the  single  shaft  design  to  Hie  tv  hi- "haft  design,  wuilv  ; 

retaining  the  direct  driven  load  compressor  concept,  presents  another 
opportunity  to  improve  apu  efficiency.  Figure  9  (see  app.)  illustrates 

the  schematic  build-up  of  a  twin-shaft  APU;  this  differs  from  Liu  single-shaft  * 

APU  in  that  gas  generator  and  power  tu’.'btne  are  mechanically  separated.  j 
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TYPICAL  APU  LOADING  IN  CABIN  CONDITIONING  MODE 

Fig.  7 


Starting  Analysis 


Fig.  8 


DISCUSSION 


E.H.Wime,  UK 

What  percentage  change  in  airflow  rating  of  the  load  compressor  is  achieved  by  operation  of  the  inlet  guide  vanes 
over  their  full  range  of  movement? 

Author's  Reply 

The  turn-down  ratio  will  be  approximately  3.5,  that  means  from  full  open  (280  Ibs/min)  to  closed  position  of  the 
IGVs  (80  Ibs/min).  IGV  angles: 

6  full  open  =  1 3° 

0  full  closed  48° 


C.Kodgera,  US 

What  will  passenger  reaction  be  to  reduced  comfort  as  they  have  small  tolerance  range? 

Cannot  you  strictly  trade  siart  power  with  start  time  since  starter  torque  and  engino  resisting  torque  arc  nonlinear? 
Author's  Reply 

We  think  that  passengers  will  hardly  notice  this  if  we  increase  passenger  compartment  temperature  at  hot  day  by 
about  two  degrees  centigrade  in  combination  with  a  higher  use  of  recirculation  air  and  improved  compartment  air 
ventilation. 

It  is  correct  that  starter  torque  and  engine  resisting  torque  are  not  linear  and  therefore  the  benefit  for  the  APU  star* 
period  is  not  overwhelming. 


M.Fglem,  lJr 

In  order  to  reduce  the  APU’s  SI  C  at  partial  power  a  free  turbine  ga  >  generator  should  be  used.  Electric  energy  then 
would  be  made  by  an  A/C  generator  with  VSCF  to  give  “clean”  400  Hz  and  a  variable  frequency  A/C  generator  for 
other  users  (frequency  moving  from  60  to  100%). 

Can  this  solution  be  used  on  an  aircraft? 

What  is  the  percentage  of  the  electric  power  needing  a  fixed  frequency? 

Author’s  Reply 

The  reduction  of  the  APU’s  SR’  was  mainly  mentioned  in  connection  with  minimizing  the  APU  operating  costs  by: 
improved  single  spool  concepts  using  the  electronic  digital  controls 
conversion/component  efficiency 

increased  cycle  efficiency  by  increasing  inlet  temperatures  and  pressure  ratios 

I1XJ  or  VJCF  systems  used  on  single  APU’s  could  improve  the  efficiency  under  partial  load  conditions. 

Variable  generator  efficiency  beyond  certt-in  limits  (400  Hz  +.  1%  at  normal  steady  state  conditions)  is  not 
acceptable  for  the  aircraft  consumers. 
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'ft  The  Alfbus  JAPU  has  to  deliver  well  defined  quantities  of  bleed  air  and  electrical  power  under  two  very  different 

conditions  :  on-ground  and  Inflight.  This  requirement  may  Imply  a  compromise.  The  on-ground  operet’jn  Is  esaen- 
■“  a  a  Of  •'"to  I-  ir  l 

tlally  governed  by  problemtr^Hke  e,g»  r.olse-fleneratlon  and  'emission  ,  ♦ne^lngaatlon  of  hot  garf^j^ytTBlnVg  £ 

the  possible  range  of  Intake  and  exhaust  position^,  The  Inflight  operr'lon  Is  dominated  by  thn  external  fuselage 

"i  k*st  l  a  c «  / 

flow  condl tlonay intake  and  exhaust  are  exposed  tu^and  wfrftn^may '•flWc  signlf Icantly^tha  Installation  pressure- 

ratio  and,  with  that,  the  Inflight  restart  envelope  and  Inflight  performance.  Depending  on  fuselage  surface  pleasures 

'So 

arid  boundary  layer  conditions,  Intake  and  exhaust-geometries  and  -ducting  have  to  be  designed  sueh^  that  a  fa¬ 
vourable  IPR  la  provided  during  APU  starting  as  well  as  APU-operation,/1ieeplngJat  the  same  tlme^nogatlve  effects 
on  the  elrcrwft  ee  for  IneteneV  drag-jlncrease  at  a  minimum.  The  effect  of  these  environmental  conditions  on  the 
APlJ-performance  Is  discussed. 
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INTRODUCTION 


Since  the  on  ground  operation  of  an  APU  Is  very  slmulai  to  that  of  a  wall  known  land  based  shaft  power 
plant,  the  main  attention  Is  paid  to  the  Inflight  operation.  Although  the  APU  Is  only  an  auxiliary  onboard 
ahaftpower  generator  and  not  a  main  engine,  It  Is  consuming  fuel,  demands  apaca,  reduces  payload  capacity 
and  contributes  to  the  costs  of  ownership.  hor  this  reasons  the  APU  has  to  be  sized  such  that  It  meets  end 
only  meets  exactly  the  power  demanded  by  the  aircraft  systems.  Consequently  a  well  aimed  prediction  of 
Installed  APU- performance,  which  In  available  under  the  governing  flulddynamlc  environmental  conditions  la 
necessary.  The  Intention  of  this  paper  Is  to  discuss  mainly  on  the  basis  of  A310-APU-charact«rlstlcs  lomo  of 
these  environmental  condltlonn  APU-Intake  and  exhei  t  are  exposed  to  essentially,  when  the  aircraft  la  In¬ 
flight,  and  which  may  effect  the  APU  Inflight  relight  capability  and  the  performance. 

I*.  CONF  KiURA I  ION  uf  AN  AIRBUS -APU 

A  typical  Alrbus-APU-conflguratlon  Is  prnsentod  In  n  cross  sectional  view  In  r  ig.  1  .  It  Is  a  single  shaft  APU 
that  provides  pn mimetic  Hnd  electric  power  for  the  aircraft.  Pneumatic  onorgy  is  provided  by  means  of  a  load - 
compreaaor;  electric  power  Is  provided  by  an  airframe-furnished  generator,  that  mounts  on  the  APU  gear  box. 

'he  APU  Is  a  modular  design  comprizing  a  power  section  module,  load  compressor  module  and  en  accessory  gear 
box.  The  load  compressor  is  driven  directly  by  the  power  section  with  a  single  shaft  arrangement.  The  load  com¬ 
pressor  and  powei  section  share  a  common  Inlet. 

Centrifugal  compressor  Impellers  are  used  In  the  Iced  section  (on  t~r~)  and  In  ths  pewsr  section  (tv*o  stages); 
the  airflow  through  the  load  compreasnr  Is  controlled  by  variable  ml  •<  quid#  vanes  satisfying  the  variable  bleed 
demand  whan  the  engine  Is  running  at  constant  speed  duo  to  general  >r  constant  frequency  demand.  A  remotely 
(In  IIih  all  cabin)  located  LOU  (I  IttcO-mlc  Cnntn.il  Box)  provides  full  authority  digital  APU  control  from  3tart  Ini¬ 
tiation  throughout  acceleration  to  governed  speed. 


H.  LOCATION  Or  APU  ON  HOARD  THf  A'RCRAFl 

Similar  to  most  of  the  modern  aircraft,  the  Airbue-APU  Is  Installed  in  the  tailcone  compartment  behind  fin  and 
tailplanu.  Although  as  shown  In  Hg.  2  this  position  Is  latl.ui  lemuiu  with  inspect  tu  the  APU-supplled  costumers 
such  is  e.g.  main  engines  and  alrcondltlon  packs  ,  there  are  a  lot  of  reason.)  for  this  particular  installation  such 
as  e.g.  available  space,  noise  emission,  pollution  by  exhausted  gas,  the  r Isk  of  uncontrolled  APU  fir*  md  uncon- 
tained  disc  explosions. 

The  APU-Intake  position  use  to  be  on  the  lower  side  of  the  fuselage  as  shown  hi  I  Ig.  D  In  atl  Airbus  Installa- 


tlons  wheraas  tha  latest  aircraft  of  th«  Boeing-family  hava  the  intaka  on  the  upper  side  between  fin  and 
tallplana,  Fig.  4  .  Actually  thata  ara  tha  two  raiavant  poaitions,  It  tha  APU  la  decided  to  ba  installad  In 

tha  tallfcone. 

Tha  hot  gaa  usually  Is  exhausted  through  tha  tip  of  tha  tailcone. 

4.  SOME  MAIN  OPERATIONAL  FEATURES 

Tha  Airbus  APU 'a  ara  daalgnad  to  oparata  on  ground  and  inflight.  Tha  characteristic  oparatlonal  damanda  are 
exemplified  by  maans  of  Airbus  A310  and  summarliad  In  Fig.  5 

In  case  of  a  main  angina  ganarator  failure  on  ground  before  taka  off,  tha  A310-APU  in  requested  to  ba  an 
essential  unit  In  ordar  to  Incraaaa  tha  dispatch  rallabillty  of  tha  aircraft.  In  this  case  it  has  to  supply  electri¬ 
cal  power  with  a  priority  over  bleed  supply  ih  tha  total  rangt  up  to  30.000  ft. 

Since  tli**  APU  essentially  Is  operated  during  turn  arounda  whan  passengers  are  boat  ding  ami  tha  ground  craw  Is  ser¬ 
vicing  tha  aircraft,  tha  noise  emitted  by  tha  AMU  la  an  important  feature.  During  ground  operation,  tha  installed 
APU  should  meat  tha  noise  levels  es  defined  by  ICAO,  Annex  16  : 

An  APU  Installation  (whan  tasted  under  certain  conditions)  should  not  exceed  the  noise  levels 
at  the  following  points,  Fig.  6 

a.  fixed  servicing  points  at  which  ground  personal  normally  la  woiklng  for  extensive  periods 
during  turn-erounds  such  as  cargo  doors,  passenger  doors  and  re-  fuelling  points  (max.  85dB(A)) 
and 

b.  any  point,  1.2  m  (4ft.)  above  the  ground  on  the  outer  perimeter  of  the  rectanguler  pattorn 
described  In  Fig.  6  (max.  90  dB(A)J  • 

Usually  the  compliance  wltti  point  a.  Imposes  severe  constraints  on  the  potential  positions  end  on  the 
ducting  of  Intake  end  e*h»-n*il  and  furthermore  requires  a  considerable  amount  of  nolae-suppresalng  measures, 
which  unfortunately  In  the  most  cases  are  compromising  the  aerodynamic  design.  Fig.  7  characterizes  some 
contributing  difficulties  participating  In  the  decision  upper-  or  lower  Intake-position  and  Fig.  S  (  ’  to  c) 
Illustrates  some  flulddynamlc  round  obouts  whic.i  may  In  certain  circumstances  be  necessary  to  suppress  the 
noise  emitted  by  the  engine  Itself  In  order  to  comply  with  acoustic  requirements. 

Further  contradictory  requirements  a  rice  from  the  fact  that  on  rani  devices  (flaps,  scoops  etc.)  Ingeneral  sharp 
edges  are  not  avoidable  In  order  to  produce  the  no<  misery  Inflight  IPR,  whereas  the  APU- on  ground  operation 
requires  a  kind  of  flush  Intake  having  large  radii  and  no  vortex-l.o.  nolse-a«ner»tlng  corners,  edges  etc..  Also 
here  a  compromise  has  to  ba  acceptad. 

5.  SUMMARY  OF  SOME  RELEVANT  ASPECTS  OF 

GAS  TURBINE  CY<;1  E  THERMODYNAMICS  AND  FLUIUUYNAMICS 

In  ordar  to  prepare  the  considerations  In  the  next  chapter,  some  AMU-relevant  thermodynamic  aspects  are 
summarized. 

The  gas  turbine  las  may  be  devlded  Into  two  large  groups  : 

shs.  nower  cycles  and 
-  aircraft  propulsion  cyclas. 

An  Important  distinction  between  the  two  Qroup*  arises  from  the  feet  that  the  poiformance  of  aircraft 
(main  engine)  propulsion  cycles  depends  very  significantly  upon  forward  speed  end  altitude.  Normally  these  two 
variables  dc  not  enter  Into  performance  calculations  for  the  land  based  shaft  power  plant. 

An  APU  appears  to  be  something  I IV ;■>  ehjtorld  between  these  two  groups  :  Prevailing,  tna  APU  Is  operating  as  a 


J 


land  baaed  shaft  power  plant,  because  in  essence  it  has  to  provide  auxiliary  shaft  power  when  the  A/C  Is 
on  ground. 

For  the  remaining  part  of  Its  operating  time  It  has  to  serve  under  different  conditions  not  on  ground  but 
inflight,  profiting  In  some  types  of  Inr  imitation  by  ram  pressure  provided  by  the  forward  spoad  of  the  air¬ 
craft  and  suffering  In  other  types  of  Installation  from  adverse  Installation  pressures  due  to  unfavourable 
static  pressures  and  boundary  layer  conditions  APU-Intake  and  -exhaust  are  exposed  to  .  It  will  ba  the 
main  concern  of  this  paper  to  discuss  this  sort  of  Inflight  phenomena,  exemplified  by  Alrhus  APLMnstal- 
latlons  and  to  relate  them  to  the  AFU-cycle  thermodynamics  and  further  to  Inflight  relight  capability  and 
performance. 


5.1  ENERGY-CONVERSION  IN  THE  APU-INTAKE 

At  static  conditions  or  at  very  low  forward  aircraft  speeds,  l.e.  when  the  APU  Is  working  like  a  land  based 
powerplant,  the  Intake,  Fig.  9  Is  acting  as  a  nozzle,  In  which  the  umblent  air  accelerates  from  zero  ve¬ 
locity  or  low  C  to  a  velocity  et  the  compressor  Inlet  duct.  The  enthalpy-entropy  ( h,s  )-dlagram 
elucidates  that  the  enoigy  which  Is  necessary  to  accelerate  the  ambient  air  from  zero  to  0  at  the 

engine  face  Is  extracted  from  the  compressor.  All  these  events  are  similar  at  the  aircraft's  main  engine. 

At  normal  forward  speeds  Cft  ,  howevur.th*  intake  face,  Fig.  9  performs  as  a  dlffusor  with  the  air  decele 
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duct  via  the  external  dlffusor  forming  In  terms  of  streamlines  around  the  Intake,  i.e.  kinetic  energy  from  tha 
ambient  flow  field  on  tha  aircraft  skin  (originating  from  the  forward  speed)  Is  converted  Into  static  pressure 
,  which  can  be  added  to  the  compress  ‘  pressure  rise  and  cenbe  regarded  as  e  benefit  to  the  APU-cycle, 
es  shown  In  the  (  h,a  )-dlegrem.  Oppoait  '.->a|n  engine  which  hes  to  pay  for  this  kind  uf  klnetlk  energy 

by  e  pert  ot  It's  own  thrust,  the  APU  (win*-  .  .rdv.cea  Inboard  shaft  power  only)  takes  profit  from  the  air¬ 
speed  and  penalizes  at  the  seme  time  the  main  engine  by  the  amount  of  extracted  klnetlk  energy.  In  a  very 
extreme  (but  of  course  also  very  unrealistic)  extension  of  this  kind  of  kinetic  energy  extraction,  the  APU 
compressor  would  be  substituted  and  with  that  the  turbine  power  In  total  would  become  free  shaft  power 
(This  situation  Is  given  for  the  ram  air  turbine  located  In  the  lower  wing  root  and  extended  for  emergency 
supply  of  hydraulic  systems). 

Since  It  Is  the  stagnation  pressure  at  the  compressor  Inlet  which  normally  Is  required  fm  cycle  calculations, 

It  Is  the  pressure  rise  (p^  -  p0)  which  Is  of  Interest  and  which  Is  referred  to  as  the  'ram  pressure  rise1. 
Usually  a  high  ram  pressure  rise  la  expected  to  be  beneficial  to  the  cycle  performance  because  It  contributes 
to  the  static  pressure  i  i  *)  Hone  by  the  compressor. But  this  Is  only  true,  If  the  stagnation  (ram)  device  Is 
designed  such  thHt  It  recovers  pressure  and  delivers  at  the  samo  time  that  amount  of  air  flaw  which  Is  de¬ 
manded  by  the  APU. 

Fig.  ID  la  given  to  remember  the  energy  conversion  l.e.  the  displacement  work  Jp(V)dV  In  the  elementary 
thermodynamic  cycle.  The  pressure  In  the  term  p(V)-dV  Is  a  static  and  not  a  total  pressure  by  definition 
of  thermodynamic  laws  .  Fig.  11  Is  given  to  relate  this  fundamental  thermodynamic  context  to  the  conversion 
nf  kinetic  energy  Into  atatlc  pressure  (ram  pressure  rise),  what  In  the  subsonic  flow  rep  (me  only  can  be  done  by 
a  dlffusor  and  what  has  to  be  done  by  enlnt^e  ram  device.  In  this  figure, tha  various  stagnation  streamlines  enved  of  tbs 
ram  flap,  (the  first  line  upon  the  fuselage  skin,  and  the  last  one  somewhere  In  the  ambient  fluid-volume), occur 
successively  during  tha  starting  procedure  of  the  APU,  or  to  some  extend  alto  during  variation  In  bleed  demand 
of  the  load  compressor,  while  the  APU  Is  running  at  constant  speed. 

At  zero  /d'\J-RPM  (lowest  stegnatlon  streornllne)  the  full  ram  (stegnatlon)  pressure  is  offered  to  the  APU-lnlet 
duct,  but  the  volume  flow  V,  which  is  taken  Into  the  Inlet  Is  zero.  With  Increasing  RPM  the  demanded  V  In¬ 
creases,  and  the  stagnation  streamline  moves  away  from  the  skin,  at  low  RPM  still  forming  a  diffusing  stream 
tub*  and  providing  a  rise  In  static  pressure,  which  Is  beneficial  to  the  thermodynamic  cycle  because  of  the 
external  compression  work  supporting  the  engine  compressor.  At  higher  RPM,  the  demanded  volume  flow 
further  Increases,  end  the  stegnatlon  streamlines  change  over  to  form  a  nozzle  flow  associated  with  a  drop  In 
static  pressure,  which  In  turn  penalizes  the  cycle.  It  Is  the  APU  Inflight  starting  capability,  and  once  the  APU 
Is  running  also  tho  performance,  which  13  highly  dependant  on  these  inlet  characteristics. 


5.2  ENERGY-CONVERSION  IN  THE  APU  EXHAUST  SYSTEM 


Aa  mentioned  before,  the  APU  la  designed  to  produce  only  shaft  power  and  not  a  |et  like  the  main  engine  of 
the  aircraft  l.e.  any  kinetic  energy  which  remains  In  the  gas  exhausted  by  the  APU  la  wasted. 

Usually  In  an  Industrial  shaft  powar  plant,  the  gas  Immadlataly  leaving  the  turbine  la  recovered  In  an  ex¬ 
haust  diffuser  which  in  effect  Increases  the  pressure  ratio  across  the  turbine  and  with  that  tha  work  dona 
by  the  turbine.  Fig.  12  exemplifies  this  for  an  exhaust  diffuser  which  reduces  the  final  velocity  to  a  negli¬ 
gible  value,  so  that  the  diffuser  discharge  pressure  p^ls  nearly  equal  to  the  ambient  pressure  p^  .  Ref.  1,. 
gives  evidence  of  the  beneficial  potential  of  an  exhaust  diffuser. 

From  this  short  discussion  also  follows  that  e.g.  an  exhaust  plpa  which  may  have  a  certain  lenght  nvcestary 
for  noise  suppression  acta  like  a  nozzle  and  raises  the  turbine's  back  pressure  which  In  turn  Is  followed  by  a 
degradation  of  turbine  power. 

5.3  PERFORMANCE  EFFECTING  PARAMETERS 

In  addition  to  the  APU-Intake  and  exhaust  pressure  situation,  the  APU-performance  Is  affected  by  the  Intake 
flow  swirl,  which  In  the  physical  sence  Is  an  angular  momentum  *s  exemplified  In  Fig.  13  a,  depending 
on  the  sense  of  rotation,  this  angular  momentum  Increases  or  decreases  the  amount  of  kinetic  energy  converted 
in  the  first  compressor  rotor  Into  static  pressure  as  exemplified  In  Fig.  13b  by  means  of  the  velocity-triangles. 
Thus  a  benefit  or  •  penalty  to  the  thermodynamic  cycle  has  to  be  expected.  The  origin  of  the  awlrl  Is  either 
an  asymetrlc  Inlet  geometry,  as  e.g.  on  tha  A310  Inldt  or  any  asymetrlc  flow  condition  across  the  Intake  face, 
such  as  «,g.  a  velocity  gradient  or  non  /aro  crossflow  rompnnnnt.  Fig.  14  oxempllfloj  Ihu  conae quen cuy  of  the 
slightly  asymetrlc  arrengament  of  the  A310  Intake.  During  on  ground  operation,  there  occurs  a  non  zero  owlr( 
which  In  this  case  benefits  the  cycle,  because  th-  APU  happans  to  perform  optimal  at  non  zsro  swirl. 

For  completeness  anno  the  r  potential  source  of  performance  degradation  In  mentioned  :  the  Inlet  distortion 
which  describes  any  Inhomogeneous  distribution  of  the  cross  sectional  flow  properties  (In  most  cases  the  total 
pressure)  at  the  engine  face  und  whlc.,  penalizes  the  cycle  via  the  mechanism  demonstrated  by  the  velocity- 
triangles  given  In  Fig.  13  b. 

6.  FLUIDDYNAMIC  ENVIRONMENTAL  CONDITIONS 

Based  upon  the  relevant  thermodynamic  aspects  of  gas  turbine  cycles,  summarized  In  the  previous  chapter  tha 
Impact  of  fhilddynamlc  environmental  conditions  which  are  oDSoclatod  with  an  airborne  aircraft  end  which 
affect  the  APU-cycle  will  be  discussed  in  the  following  chapters. 

fi.1  FUSELAGE  PRESSURE  DISRTIBUTION 

The  fuselage  of  an  airborne  elrcraft  Is  similar  to  the  wing  covered  by  a  certain  praesura  field.  A  calculation 
by  s.g.  a  fully  3-ulm.  peiiet-rueihuu  on  a  complete  aircraft,  whose  taii-geometry  end  surface  panel  distribution 
are  shown  In  Fig.  15  gives  access  to  details  of  this  pressure  distribution,  which  Is  plotted  In  terms  of 

-  isobars  in  Fig.  16  for  the  upper  end  the  lower  aide  of  the  rear  fuselage  for  e  typical  cruise  condition 
of  M  -  0.8,  0.6,.  The  C  pattarn  on  the  upper  sldu  uf  the  rear  fuselage,  where  a  APU 

Intake  may  be  located,  is  rather  complex  and  Is  mainly  dominated  by  the  pressure  field  uf  fin  end  tallplane, 
both  Inducing  strong  pressure  gradients.  Steeper  gradients  will  occuro,  when  e.g.  h  the  2.  segment  chmb  after 
take  off  nr  in  the  descent  a  high  tallplane  load  Is  required  and  the  tallplane  Is  set  at  negative  trim  angles.  Or, 
In  case  of  one  engine  out  (  which  Is  among  othn3  one  case  where  the  APU  Is  expected  to  perform  satisfactorily) 
a  distinct  rudder  deflection  may  cause  steeper  or  even  fluctuating  pressure  gradients.  In  addition,  the  entire 
flow  level  in  tha  channel  formed  by  fin,  fuselage  end  tallplane  is  rather  high,  and  with  that  the  I  cal  static 
pressures  era  relatively  low,  penalizing  the  compressor's  work  due  to  reasons  explained  In  the  chunter  before. 

the  situation  is  different  and  more  favourable  to  the  compressor  on  the  lower  side  of  the  resr  fuselage,  where 
due  to  tha  upsweep  of  the  ruselat  the  velocity  (aval  Is  considerably  lower,  the  static  pressure  higher  and 
where  gradients  are  more  moderate  mid  less  sensitive  to  geometrical  variations  of  the  empennage. 


In  order  to  keep  th*  aircraft  drag  at  It's  minimum,  tha  afterbody-aerodynamlclet  alma  to  design  the  aircraft 
tail  such,  that  tha  static  prassure  a<  tha  base  of  tha  tailcone,  where  the  exhaust  pipe  uses  to  be  located,  is 
as  high  as  possible.  In  the  theoretical  case  of  no  energy  dissipation  >  within  he  flow  along  the  fuselage,  the 
pressure  at  the  base  of  the  tailcone  would  recover  to  the  full  stagnation  pressure,  which  also  occurs  ut  the 
aircraft  nose. 

From  this  isobar  pattern  it  bacomaa  obvious,  that  tha  APU  on  an  aircraft  inflight  Is  expected  to  operate 
under  adverse  pressure  conditions  with  the  unfavourable  thermodynamic  consequences  illustrated  in  Fig.  17  . 
followed  usually  If  no  counter  measure  is  taken  by  reverse  APU-windmilllng  and  reduction  in  performance 
and  relight  capability. 

Considering  only  this  particular  situation  it  appears  to  be  usefull  to  turn  the  APU  by  180°  and  let  It  breathe 
through  the  exhaust  pipe,  taking  profit  from  the  high  base  pressure,  the  aerodynamiclat  attemps  to  verify. 

This  180°  -  turn  Improves  the  thermodynamic  cycle  as  sketched  for  comparison  in  Pig.  17  .  Of  course  It  is 

rather  obvious  that  there  are  a  lot  of  other  good  reasons  to  abstain  from  a  180°  turn,  such  as  n.g.  exhaust 
noise,  hot  flas  ingestion  etc..  With  the  APU-Intake  In  the  normal  forward  facing  position  other  wall  known 
means  are  necessary  {and  of  course  widely  used)  such  as  stagnation-noses,  ram-flaps,  scoopes  etc.,Flg.  18, 
which  are  designed  to  catch  tha  approaching  surface  flow  and  convert  part  of  the  kinetic  energy  Into  static 
pressure  In  order  to  compensate  the  unfavourable  low  static  pressures  originating  from  tha  flow  around  the 
airframe  geometry. 

Of  course  there  is  a  strong  limitation  Imposed  on  all  pressure  rising  ram  devices  :  They  all  have  to  become 
Invisible,  when  the  A/C  Is  Inf  light  and  tha  APU  is  not  operative  in  order  not  to  increase  the  aircraft-drug.  This 
requirement  leads  to  moveable  flaps,  scoopea  etc.  which  have  to  be  controlled  by  the  APU-start  stop-switch, 
and  whose  geometrical  design  becomes  difficult  because  of  strong  acoustic  requirements  during  APU  ground 
operation. 

6.2  FUSELAGE  BOUNDARY  LAYER 

As  discussed  In  the  chapter  before,  the  afterbody  of  the  aircraft  Is  covered  by  e  certain  pressure  distribution. 
Fig.  16  Indicates  an  extended  low  pressure  area  on  the  Iowbt,  convex  aide  of  tho  fuselage,  which  In  addition 
is  augmented  by  tha  lower  side  (suction  side)  of  tha  tellplane.  This  low  pressure  area  attracts  all  the  low 
energy  boundary  layer  material  accummulated  In  the  flow  starting  from  the  aircraft  nose  and  removes  at  the 
same  time  part  of  the  boundary  layer  material  from  the  upper  side  of  the  fuselage.  A  pho'>.  recorded  during 
watertunnel  Investigations,  Fig.  19  Illustrates  these  events. 

Boundary  layer  measurements  In  a  wliidturmel  by  means  of  pitot  rakes  In  the  vicinity  of  potential  intake  po¬ 
sitions  on  the  upper  and  lower  side  of  the  fuselage,  Fig.  20  ,  confirm  this  special  character  of  3  dim.  boun¬ 
dary  layer  flow  and  Indicate  a  higher  deficit  In  total  pressure  on  tha  lower  side  than  on  the  upper  side. 
Flight  test  results  from  A30C  and  B707  verify  the  energy-deficit  on  the  lower  side.  Even  In  one  meter  vorti¬ 
cal  dlstanr  -i  from  the  aircrafi  skin  the  total  pressure  ratio  is  still  well  i-elow  thr  value  1.0.  The  amount  of 
kinetic  energy,  which  Is  dissipated  within  the  boundary  layer  et  tha  locatiun  of  the  lower  Intake  position 
and  which  h  dependant  predominately  on  tho  flight  machnumber  la  Indicated  by  Fig.  k'1  which  presents 
A3 10  flight  t-'it  results  recorded  at  different  mschnumbsrr;,  altitudes  and  ArU- operation  modes. 

7.  CONSEQUENCES  Or  ENVIRONMENTAL  CONLHMONS  TO  THE  APU -CYCLE 

The  f luirldynamic  environmental  conditions  during  aircraft  Inflight,  which  ar«'  discussed  In  chapter  6  may 
be  entered  Into  the  enthalpy-entropy-dlagram ,  which  is  normally  used  for  cycle  considerations.  To  prepare 
tills,  Fig.  22  shows  straamwl**e  pressure  distributions  extracted  from  Fig.  16  for  a  streamline  on  the  upper 
and  the  lower  side  of  th#  fuselage  respectively. 

A  discrete  fluid  volume  approaching  the  al  raft  nose,  and  floating  along  the  fuaelage  to  the  tip  of  the  tall, 
is  submitted  to  several  displacement  workes(as  exemplified  m  Fig.  1C  )  which  are  different  •  depending  on 
the  pressure  distribution  along  the  upper  or  the  lower  surface  until  the  volume  passes  the  upper  or  the  lower 
intake  .sltlon  and  finally  reaches  the  tip  of  the  tell. 

In  addition  to  tha  different  pressures,  the  fluid  volume  experiences  on  Its  wb  a  certain  energy-dissipation 
l.e.  a  loss  in  stagnation  pressure,  wh  h  Is  usually  expressed  in  terms  of  boundary  layer  total  pressure  ratio 
profiles  or  velocity  profiles  as  exemplified  In  Fig.  20  .  For  the  reasons  discussed  In  chapter  62?,  tire  loss 
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In  total  pressure  Is  higher  on  the  lower  side,  than  on  the  uppar  slda. 

Since  no  work  Is  done  to  or  extracted  from  the  fuselage  flow,  the  flow  may  considered  to  be  Isoener- 

2 

getlc  with  the  total  enthalpy  «  h—  +  /2  =  const.  ,  determined  by  the  speed  of  the  aircraft 

co»  »  by  ^e  static  temperature  and  by  the  static  pressure  of  the  ambient  air  at  that  particular  flight 
level.  Thus  all  changes  In  gasdynamic  properties  due  to  the  varllng  pressure  along  the  fuselage  and  due  to 
the  dissipation  of  kinetic  energy  within  the  boundary  leyermaybe  entered  Into  the  (h,  sj-dlagram  what  Is 
done  only  qualitatively  for  exemplification  In  Fig.  23  with  the  total  enthalpy  h.  as  the  upper  limit  fot  the 

tflD 

total  available  energy.  In  erder  to  maintain  a  rest  of  clearness,  the  energy  contributed  by  the  APU-starter 
motor  and  the  fuel  burned  In  the  APU  are  neglected  In  the  Fig.  as  well  ag  Is  the  kinetic  energy  In  the 
exhausted  gas.  Thus  the  (h,s)  'diagram  comprizes  only  the  thermodynamics  of  the  fuselage  flow. 

Some  special  stations  on  tne  fuselage  are  labeled  by  the  numbers  1  to  7  and  are  related  to  the  corresponding 
stations  In  the  (h,s)-d|«gram  labeled  In  the  same  sense.  Depending  on  the  amount  of  the  local  dissipation  within 
the  boundary  layer,  the  state-connecting  lines  are  more  or  less  steep,  Indicating  a  change  In  gasdynamic 
properties,  which  is  more  or  less  away  from  baing  Isentroplc  and  of  course  different  between  the  uppar 
and  the  lower  side  of  the  fuselage. 

2 

The  kinetic  energy  /  2  which  Is  plotted  as  a  band  below  the  line  h^  =  const.  Is  not  available  for  con¬ 
version  Into  static  pressure,  because  after  the  ram  pressure  rise  Is  completed  an  Intake  flow  velocity  c  ^ 
has  to  be  maintained  in  order  to  provide  the  volume  flow  demanded  by  the  APU  e.g.  at  the  particular  RPM 's 
during  APU-startlng,  as  has  bean  dlcuwed  in  chapter  5,1, 

The  sequential  change  In  gasdynamic  properties  entered  Into  the  (h^)-dlegram  Indicates,  that  In  order  to 
provide  a  favourable  Installation  pressure  situation  any  ram  device  feeding  an  upper  or  an  low  r  Intake 
and  providing  an  Intake  flow  velocity  at  the  same  time  has  to  perform  with  a  better  Isentroplc  dlffusslon 
than  is  Inherent  In  the  diffusing  fuselage  flow  moving  from  the  upper  or  the  lower  Intake  position  down¬ 
stream  to  the  base  of  the  tailcone.  Since  the  aerodynamlclst  are  doing  a  tremendous  effort  to  reduce  the 
aircraft  drag,  a  more  efficient  diffusion  on  the  afterbody  and  with  that  a  trend  towards  a  higher  base  pressure 
has  to  be  envisaged,  what  In  turn  requires  bottoi  l.a.  more  carefully  deslgnod  and  more  efficient  ram  devices. 

Depending  on  the  overall  character  of  the  fusel»(ja  pressure  and  boundary  layer  distribution  certain  constella¬ 
tions  may  occure  \whlch  easily  car*  he  verified  In  the  {h,s)-dlegrarn  e.g.  by  a  hlqlmr  base  pressure)  where  It 
Is  not  possible  any  more  to  rise  the  ntatlc  Intake  pressure  by  means  of  any  ram  device  abovB  or  even  only 
to  the  valun  of  the  base  pressure  and  lu  maintain  a  certain  velocity  at  the  same  time.  In  this  case  a 

reduction  In  relight  altitude  Is  Inclined,  and  of  course,  once  relight  was  successful!  In  a  lower  altitude,  also 
a  penalty  In  performance. 

During  the  APU- starting  procedure,  the  moat  critical  phase  occurs  between  start  Inflation  and  Ignition,  because 
in  this  tlrnespace  the  APU  staiter  motor  Is  the  only  energy  supplier ,  which  has  to  accelerate  the  rotating  parts 
of  the  engine  and  In  ceae  of  an  Insufflclenteiy  performing  Intake  also  has  to  provide  the  energy  whlfli  Is  ne¬ 
cessary  to  accelerate  the  ambient  air  Into  the  Intake.  Once  Ignition  was  successful!,  for  further  acceleration 
there  normally  Is  enough  energy  available  delivered  by  the  fuel,  which  starts  to  be  burned  in  the  APU.  Never¬ 
theless,  even  If  the  starter  cut  out  speed  has  baan  exceeded  successfully,  an  unsuccessful!  APU  stert  Is  still 
possible.  The  series  of  Inflight  start  attempts  given  in  Fig.  24  Indicates  that  critical  start  conditions  occur  at 
high  altitudes.  Fig.  25  displays  two  comparable  start  attemps  In  similar  marginal  conditions,  whore  one  of 
which  failed.  In  this  Fig.  the  developement  of  EOT,  RPM  and  starter  current  versus  time  Indicates  In  both 
cases  a  comparable  acceleration  to  starter  cutout  speed,  but  then^t  still  similar  FGT‘s  In  the  unsuccessful!  case, 
the  turbine  torque  obviously  was  Insufficient  to  further  speed  up  the  rotor  end  to  further  accelerate  via  the 
L’umpi  u:.,aur  the  intake  flow  corresponding  to  the  Increasing  volume  dern  -id,  which  In  turn  is  associated  with 
«  decreasing  static  Intake  pressure  as  exemplified  In  Fig.  11  and  discussed  In  chapter  5.1.  The  decreasing 
static  Intake  pleasure  and  with  that  the  decreasing  contribution  of  external  flow  compression  work  finally 
results  in  &  penalty  to  the  cycle  and  In  an  unsuccessful  I  stert. 

If  an  Insufficient  relight  cepebillty  can  be  related  to  a  lack  In  energy  extraction  from  the  external  flow  field 
via  the  a.m.  mechanism  (and  of  course  if  there  are  no  other  reasons  as  e.g.  operating  limits  of  the  combustion 
.chamber),  the  conclusion  can  be  drawn,  thet  In  this  case  also  s  penalty  in  performance  Is  Incurred,  On  the 
other  hend  a  good  relight  cepebillty  indicates  thet  in  this  particular  situation  alro  a  benaflt  to  the  Inflight 
performance  can  ba  expected. 


CONCLUSION  : 


On  the  tharmodynamlc-flulddynamic  grounds  a  variety  of  aspects  Is  governing  the  positioning  and  the  design 
of  Intake  and  exhaust  of  a  tailcone  installed  APU.  In  the  typical  Boeing  or  Airbus  Input-exhaust  arrangement, 
the  natural  conditions  Inherent  In  the  fuselage  flow  on  the  A/C  Inflight  create  a  non  cycle  supporting  environ¬ 
ment;  the  fuselage  pressure  field  by  Itself  tends  to  move  a  massflow  Into  the  exhaust,  furtheron  through  the 
APU  and  finally  ejects  It  through  the  intake,  whereby  this  massflow  Is  driven  by  a  higher  pressure  drop  when 
the  Intake  Is  located  on  the  upper  side  than  it  Is  the  case  with  a  lower  Intake.  For  this  reason,  especially 
the  upper  Intake  requires  a  highly  efficient  ram  device,  which  converts  high  kinetic  onergy  Into  static  pres¬ 
sure  to  that  extend,  that  It  at  least  overrides  the  back  pressure  acting  at  the  exhaust  pipe.  The  ram  device 
has  to  be  designed  such,  that  this  override  capability  Is  conserved  from  APU-start  Initiation  throughout 
acceleration  until  governed  speed,  If  fuselage  flow  related  penalties  to  the  APU-cycle  shall  be  avoided.  If 
necessary,  an  extended  ram  device  could  extract  still  more  energy  from  the  fuselage  flow  In  order  to  support 
the  cycle  such,  that  a  shortfall  In  performance  or  relight  capability  somewhere  In  the  APU  operation  envelope 
could  be  compensated  without  overall  I  ny  the  APU  and  without  demanding  e.g.  two  batteries  instead  of  one 
for  the  AFU-starfter  supply. 

Certainly  the  amount  of  energy  extraction  from  the  fuselage  flow  by  a  ram  device  Is  limited  by  the  total 
enthalpy  Inherent  In  the  flow  and  by  the  fact  that  there  Is  a  boundary  layer.  At  the  upper  Intake  location, 
the  unfavourable  low  static  pressures  coincide  with  the  presence  of  a  high  energetic  boundary  layer,  admitting 
to  a  certain  extend  th-  compensation  of  the  static  pressure  deficit  by  the  ram  device.  At  the  lower  intake 
location  however,  the  static  pressures  especially  on  the  A3t0  afterbody  ere  higher  and  very  close  to  the 
base  pressure  level,  thus  providing  nearly  excellent  conditions,  especially  because  the  static  Intake  pressure  Is 
backed  up  by  the  large  surrounding  fluid  volume  having  the  same  pressure  level  which  is  created  by  the 
diffusing  flow  around  the  A/C-afterbody .  For  this  reason  this  volume  carries  e  high  end  stable  energy  In  terms 
of  pressure  times  voluma,  thus  the  static  pressure  level  Is  more  resistant  against  being  'succed  down’  as  It  Is 
the  case  In  the  volume  Just  upstream  of  e.g.  a  ram  flap  at  the  upper  Intake  position,  where  high  APU  suction 
(due  to  high  APU-RPM'a)  Immediately  starts  to  cancil  the  diffusion-process  In  front  of  the  ram  flap  face; 
depending  on  the  size  of  the  flap,  more  or  less  diffusion  takes  place,  thus  at  higher  or  lower  RPM's 
(or  Intake  volume  flows)  the  APU-cycle  la  more  or  less  supported,  which  finally  Is  an  Important  Item  for  the 
relight  capability,  the  APU  performance  and  of  course  also  for  Intske  volume  flow  variations  due  to  variations 
In  bleed  demand. 

If  the  pressure  level  at  the  lower  Intake  position  Is  to  low  In  compprlson  to  the  base  pre:  ore, e.g.  due  to  a 
different  afterbody  design  (as  e.g.  less  upsweep)  a  worth  mentioning  compensation  by  a  ram  device  may  be¬ 
come  difficult  because  In  the  thick  lower  boundary  layer  only  a  rather  small  amount  of  kinetic  energy  is 

available  for  conversion  Into  static  pressure. A  r am  device  would  have  to  hove  or. unacceptable  lenyht  (because 
of  ground  clearance,  when  the  A/C  rotatee  ) In  order  to  penetrate  Into  higher  energy  levels  of  the  boundary 
layer.  In  tills  particular  situation  measures  at  the  exhaust  pipe  should  be  examined,  as  e.g.  a  ring  dlffusor, 
which  exhausts  the  gas  through  a  circumferential  slot  Into  an  area  with  lower  pressures  upstream  of  the  base. 
A  solution  III  e  this  also  facilitates  acoustic  damping  of  turbine  noise  In  connection  with  exhaust  noise  reduction 
(because  of  L-wer  exhaust  gas  velocities  )  and  finally  provides  □  potential  to  reduce  exhaust  pipe  lengM  (a 
certain  ionght  is  required  for  engine  noise  damping  during  ground  operation}. in  this  context  and  also  with 

respect  to  the  thermodynamic  xycle  It  should  be  mentioned,  that  In  yenoial  any  noise  which  Is  generated  by 

the  intake-  or  the  exhauat-flow  strongly  Indicates  an  origin  of  energy-dls- ipatlon  and  with  that  Indicates 
also  a  poor  aerodynamic  design.  Thus  there  should  be  a  premise  to  avoid  the  noise  already  In'status  nascendi 
by  a  carefull  design  and  nut  let  It  arise  and  then  damp  It. 

These  concluding  remarks  should  contribute  some  support  to  the  derision  upper  or  lower  Intake  position.  Beside 
the  constraints  imposed  by  accoustic  lequlrements  during  ground  operation  and  besides  constructual  and  main¬ 
tenance  aspects,  the  thermodynamics  and  flulddynnmlcs  of  the  fuselage  flow  and  their  relation  to  the  APU 
cycle-thermodynamics  gives  a  clear  answer  to  this  question. 
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DISCUSSION 


I.C.M.Hogenvoret,  Ne 

1 .  What  is  your  definition  of  Relight  capability:  is  this  restart  after  an  inflight  shut  down  or  an  inflight  start  after 
unspecified  cruise  with  an  APU  not  operating? 

>.  Where  does  this  requirement  originate  (to  the  API  I  nt  high  altitude)? 

Author's  Reply 

1 .  The  relight  capability  is  defined  as  the  ability  of  an  APU  to  be  relit  after  unspecified  cruise  within  the  aircraft- 
flight-envelope  at  arbitrary  altitude,  Mach  number  and  aircraft  altitude  with  an  APU  not  operating. 

7.  The  relight  capability  and  with  that  the  operational  readiness  of  the  APU  is  required  to  be  consistent  with  the 
aircraft  flight-envelope,  such  that  in  a  case  of  emergency,  provision  of  bleed  air  and  electrical  power  is  covered 
by  the  APU,  an  important  item  with  respect  to  the  increasing  demand  of  electrical  power  lor  c.g.  the  avionics 
and  other  onboard  consumers,  and  also  with  respect  to  the  dispatch  reliability  of  the  aircratt. 
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SUMMARY 

^An  SIPU  is  a  multifunctional  aircraft  power  unit  capable  of  providing  ; 
(1)  electrical,  pneumatic,  and  hydraulic  power  for  ground  maintenance 
and  standby  operations;  (2)  normal  and  emergency  main  engine  start 
power f  and  (3)  emergency  electrical  and  hydraulic  power.  Power  is  ob¬ 
tained  either  from  jet  fuel  combustion  with  air  for  ground  operations 
and  normal  engine  starts,  from  a  gas  generator  system  using  onboard 
stored  propellants  for  emergency  functions,  or  from  the  aircraft  main 
engine  compressor  air  for  the  emergency  electrical  and  hydraulic  power 
function.  Rockwell  International's  Rocketdyne  Division  conducted  a 
program*- sponsored  by  the  Aeropropulsion  Laboratory  at  Wright-Patteraon 
Air  Force  Base, S to  design,  fabricate,  assemble,  and  test  the  SIPU  con¬ 
cept  by  operating  a  demonstrator  in  all  modes.  This  paper  provides  a 
description  of  the  SIPU  concept,  the  designs  of  the  demonstrator,  and 
each  of  ItB  subsystems.  -The>benef its  resulting  from  -theFbuse  of  an  SIPU 
are  presented.  ' 


INTRODUCTION 

Aircraft  secondary  power  systems,  e.g.,  normal  electrical  and  hydraulic  power  sources, 
environmental  control  systems,  engine  starters,  emergency  power  units,  etc.,  characteris¬ 
tically  consist  of  individual  devices  for  performing  each  function.  Not  all  of  these  de¬ 
vices  are  aircraft  mounted,  but  rather  some  are  parts  of  cumbersome  ground  support  equip¬ 
ment.  Future  military  aircraft  will  demand  more  and  more  self  sufficiency,  requiring  more 
compact,  lighter  weight,  totally  aircraft-mounted  secondary  power  equipment  that  may  best 
be  realized  by  using  an  integrated  multifunctional  device.  Furthermore,  increasing  demands 
for  secondary  power  system  operation  at  high  altitudes  will  require  performances  beyond 
those  of  the  current  strictly  air-breathing  combustion  types.  These  needs  have  led  to  the 
concept  of  the  Super  Integrated  Power  Unit  (SIPU) . 

An  SIPU  is  a  single  aircraft  power  unit  capable  of  providlnq  (1)  electrical,  pneumatic, 
and  hydraulic  power  for  ground  maintenance  and  standby  operations,  (2)  main  engine  ground 
start  power,  (3)  emergency  in-flight  electrical  and  hydraulic  power,  and  (4)  in-flight 
emergency  main  engine  restart  power.  Power  can  be  obtained  from  jet  fuel  combustion  with 
ambient  air  for  the  ground  operations,  engine  ground  starts,  and  low  altitude  emergency  en¬ 
gine  restarts;  from  a  gas  generator  system  using  onboard  stored  propellants  for  the  emer¬ 
gency  power  and  high  altitude  emergency  engine  restart  functions;  and  from  the  aircraft 
main  engine  as  a  second  source  for  the  emergency  electrical  and  hydraulic  power  function. 

An  SIPU  cunC*i't  demonstration  program  »*  being  conducted  at  Rockwell  International/ 
Rocketdyne  Division,  sponsored  by  the  Aeropropulsion  Laboratory  at  Wright-Patters« 'n  Air 
Force  Base.  The  program  is  for  design,  fabrication,  assembly,  and  test  of  a  liquid  oxygen/ 
jet  fuel-based  demonstrator  SIPU  capable  ot  accomplishing  all  the  secondary  power  functions 
listed  above  except  the  pneumatic  ground  power  function. 

Studies  and  experiments  at  Rocketdyne  show  that  the  SIPU  concept  is  feasible.  The 
aircraft  can  be  made  self-sufficient,  i.e.,  independent  of  moat  ground  support  equipment, 
and  can  be  provided  with  more  em«  rgency  power  options  than  are  now  available,  all  with 
small  weight  penalties.  Furthermore,  since  the  SIPU  power  turbine  is  driven  by  an  oxygen/ 
jet  fuel  gas  generator,  it  uses  available  propellants  and  can  operate  in  the  cold  environ¬ 
ments  and  high  altitudes  encountered  by  the  aircraft — features  not  presently  possible  with 
existing  secondary  power  systems. 

Several  SIPU  concepts  were  studied,  two  concepts  hiring  preferred  for  reasons  of  light 
weight  and  technological  feasibility.  One  is  a  single  unit  SIPU  with  a  single  power  tur¬ 
bine  in  tho  Auxiliary  Power  Unit  (APU) .  The  APU  has  a  clutched  shaft  that  must  be  engage- 
able  at  full  speud.  The  other  SIPU  has  a  separate  Emergency  Power  Unit  (EPU) .  The  separ¬ 
ate  EPIJ  has  I  he  advantage  of  an  independent  power  turbine  for  the  emergency  power  genera¬ 
tor  and  hydraulic  pump.  The  APU  can  then  employ  a  simple  clutched  shaft  that  floes  not  en¬ 
gage  under  load. 


15-2 


Incorporation  of  an  SIPU  will  improve  the  operational  capabilities  of  an  aircraft  by 
minimizing  logistics  support  requirements,  increasing  availability,  improving  aervability, 
and  reducing  maintenance. 

DISCUSSION 

The  SIPU  concept  is  applicable  to  both  single-engine  and  multi-engine  aircraft.  It/ 
is  presented  here  as  a  single-engine  aircraft  device. 

This  discussion  presents  what  is  considered  to  be  the  optimum  SIPU  concept.  That  is, 
all  the  secondary  power  needs  of  an  aircraft  are  available.  A  specific  aircraft  design 
may  include  all  or  any  of  \  he  available  capabilities  and  be  tailored  to  meet  the  mission 
duties  of  the  aircraft.  The  capabilities  of  the  SIPU  secondary  power  functions  are: 

1.  Generation  of  electrical  and  hydraulic  power  plus  environmental  control  iir  power 
f-»r  aircraft  ground  checkout  or  "start  standby"  operations.  This  eliminates  the 
need  for  aircraft  main  engine  operation  or  ground  support  equipment  (GSE)  for 
these  operations. 

2.  Aircraft  main  engine  ground  i.art.  Torque  is  applied  to  the  main  engine  to  accel¬ 
erate  the  engine  rotor  to  i  light-off  speed  and  further  to  an  engine  self- 
sustaining  speed. 

3.  Generation  within  3  seconds  of  in-flight  emergency  electrical  and  hydraulic  power 
upon  loss  of  normal  electrical  and/or  hydraulic  power. 

4.  Main  engine  in-flight  restart  assist  upon  loss  of  main  engine  operation  at  any 
altitude.  Torque  is  applied  to  the  main  engine  rotor  to  attain  and/or  maintain 
speeds  required  for  reignition  and  self-Bustained  operation. 

To  perform  there  functions,  the  SIPU  operates  in  three  different  modes: 

1.  Air-breathing  mode.  Main  engine  jet  fuel  from  the  aircraft  fuel  tank(s)  is  burned 
wTtTT  ambient air  to  drive  the  SIPU  turbine. 

2.  Gub  generator  mode.  On-board  stored  propellants  (fuel  and  oxidizer)  react  in  a 
chamber;  the  exhaust  gases  drive  the  turbine. 


3.  Main  engine  bleed  air  mode.  Air  fr<-«i  one  of  the  main  engine  compressor  stages 
drives  the  turbim  . 


These  modes  are  used  for  the  various  functions  in  Table  1.  Generation  of  ground  power 
plus  environmental  control  system  (ECS)  air  in  the  air-breathing  mode  provides  for  long 
duration  operation  with  minimal  use  of 

stored  ai  remit  fuel.  Main  engine  ground  Table  1.  SIPU  Functions  -  operational  Modes, 
start  is  al»o  accomplished  in  the  air-  Relationship 

breathing  m»de  either  as  a  transition 
from  the  ground  power  function  or  as  a 
transition  from  an  aircraft  quiescent 
state.  In-flight  emergency  electrical 
and  hydriiulic  power  generation  can  be 
accomplished  in  three  modes  as  indicated 
in  Table  1.  The  qaB  generator  mode  ir 
independent  of  both  altitude  and  the 
operational  capability  of  the  main  e  - 
qine,  but  is  limited  in  duration  by  the 
quantity  of  stored  propellants.  Below 
certain  altitudes  the  air-breathing  mode 
can  bo  used  to  qenerate  at  least  part  of  the  required  emergency  secondary  power.  The  air- 
breathing  mode  is  also  independent  of  the  operational  capability  of  the  main  engine  and  is 
capable  of  long  duration  operation.  It  is,  however,  altitude  power -limited.  With  the  main 
engine  operating,  emergency  power  can  also  be  provided  in  the  SIPU  bleed  air  mode.  This 
mode,  however,  is  also  altitude  povei  -limited. 


Finally,  in-flight  main  engine  re-tart  assist  is  accompl i shed  primarily  in  the  gas 
generator  mode  (at  high  altitudes) ,  but  can  be  supplemented  by  the  air-breathing  mode  at 
certain  (lower)  altitudes.  The  qas  generator  restart  power  is  independent  of  altitude, 
but  is  limited  in  the  number  of  restart  attempts  by  the  quanLity  of  stored  propellants. 
The  air-breathing  mode  does  not  have  the  number-of -start s  limitation,  but  is  limited  in 
power  level  by  altitude*  effects. 


A  schematic  of  the  SIPU  system  concept  is  shown  in  Fig.  1.  The  major  components  of 
tiiis  system  are:  (1)  the  auxiliary  power  unit  (API!),  (2)  the  qas  generator  (GG)  aubsystem, 

(3)  the  accessory  drive  gearbox  (ADG) ,  (4)  the  electrical  qenerators  and  hydraulic  pumps, 

and  (b)  the  control  subsy-xein  (not  indicated).  Although  the  SIPU  proi>er  consists  of  just 
tho  API)  and  the  GG  subsystem,  the  total  system  design  concept  in  presented  here  for  com 
pletunuss  of  understanding. 
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The  APU  is  a  gas  turbine 
engine  that  delivers  shaft 
power  to  the  accessory  drive 
gearbox  in  the  air-breathing, 
gas  generator,  and  bleed  iir 
m^des.  Three  separate  sets  of 
internal  nozzles  are  used  to 
deliver  to  the  turbine  the 
working  fluids  generated  by 
the  APU  burner,  the  externally 
mounted  gas  generator  system, 
or  the  main  engine  compressor 
(bleed  air) .  The  APU  compres¬ 
sor  also  provides  air  to  the 
aircraft  environmental  control 
system  (ECS). 

The  gas  generator  sub¬ 
system  consists  of  an  APU 
mounted  gaB  generator  (combus¬ 
tion  chamber,  propellant  in¬ 
jector,  propellant  control  valve(s)  and  ignition  system),  and  an  aircraft-mounted  propel¬ 
lant.  feed  system.  Two  types  of  propellant  feed  systems  are  available:  (1)  separate  dedi¬ 
cated  aircraft  mounted  oxidizer  and  fuel  tanks  (one  tank  for  a  monopropellant  system  and 
two  tanks  for  a  biprop.ellant  system)  and  (2)  dedicated  tunk  for  the  oxidize;  only--the 
fuel  being  supplied  by  a  pump  from  the  aircraft  main  fuel  tank.  The  bipropellsnt  arrange¬ 
ment  for  the  first  type  subsystem  is  illustrated  in  Fig.  1  and  is  called  the  "pressure- 
fed  fuel  subsystem";  the  second  type  system  is  called  the  "pump-fed  fuel  subsystem."  The 
propellants  may  bo  either  gaseous  or  liquid.  Dedicated  liquid  propellant  tanks  require 
pressuranl  sources,  as  illustrated. 


Figure  1.  SIPU  System  Concept  Schematic 


The  accessory  drive  gearbox  is  the  power  transmission  device  of  the  SIPU  system. 
During  performance  of  ground  functions,  auxiliary  power  unit  input  shaft  power  is  trans¬ 
mit  led  tu  thu  main  hydraulic  pumps  and  electrical  generator.  During  emergency  power  gen¬ 
eration,  APU  input  shaft  power  is  delivered  to  the  emergency  hydraulic  pump  ard  electrical 
generator.  For  ground  and  emergency  main  engine  starts,  APU  start  power  is  transmitted  to 
the  power  takeoff  (PTO)  shaft.  Finally,  APU  fuel  for  air-breathing  mode  operation  is  sup¬ 
plied  by  the  ADG  mounted  fuel  pump.  This  pump  also  supplies  aircraft  fuel  for  a  "fuel 
pump-fed"  gas  generator  syatem.  The  fill  and  drain  torque  converter  shown  is  one  of  a 
number  of  methods  for:  (1)  separating  the  ADG  from  the  aircraft  main  engine  during  per¬ 
formance  of  ground  functions  (torque  converter  drained)  and  (2)  connecting  the  ADG  to  the 
main  engine  during  APU  assisted  ground  and  emergency  starts  (torque  converter  filled) . 

The  ADG  design  segregates  the  main  hydraulic  pumps  and  generator  from  those  used  for 
emergency  purposes  to  prevent  a  single  point  gearbox  or  main  generator  or  pump  failure 
from  causing  a  total  loss  of  electrical  hydraulic  power  to  th»  aircraft. 

The  SIPU  electrical  generators  are  of  two  types.  The  emergency  generator  is  used  to 
meet  only  the  smaller  emergency  electrical  needs  (-5  kVA)  whereas  the  larger  main  gener¬ 
ator  must  supply  electrical  power  for  ground  checkout  or  standby  functions  (  —50  KVA). 

The  SIPU  hydraulic  pumps  are  nlso  of  two  type?  .  The  emergency  hydraulic  pump  is  used 
for  the  smaller  emergency  power  (—50  hp) .  The  main  hydraulic  pump  power  is  higher  for 
ground  power  needs  (two  90  hp  pumps) . 

The  SIPU  system  control  subsystem  is  multifunctional.  Not  only  does  It  execute  the 
discrete  events  necessary  to  initiate  and  terminate  the  air-breathing,  gas  generator,  and 
main  engine  bleed  air  modes  of  operation,  it  controls  the  performance  of  these  inodes  over 
the  required  wide  power  ranges.  Such  control  is  based  on  maintaining  a  constant  APU  speed 
For  the  air-breathing  mode,  constant  speed  is  maintained  by  modulation  of  the  APU  fuel 
control  valve;  for  the  gas  generator  mode,  constant  speed  results  from  control  of  the  gas 
generator  propellants  v*lv««:  and  main  engine  bleed  air  mode  speed  control  is  achieved 
through  modulation  of  the  throttle  valve  at  the  APU  bleed  sir  inlet.  Gaa  Generator  pro¬ 
pellant  valve  control  may  mean  flow  modulation  of  open/clos©  pulse  operation.  By  simul¬ 
taneous  control  of  the  two  valves  of  a  bipropcl lant  gas  generator,  the  ratio  of  oxidizer 
Lo  fuel  is  maintained  within  allowable  limits.  Further,  due  to  a  hierarchy  of  operational 
modes  for  executing  the  emergency  power  function,  the  air  mode  is  selected  as  the  primary 
mode  and  is  augmented  with  the  gas  generator  mode  only  to  the  extent  necessary  to  main¬ 
tain  constant  APU  speed.  Another  modal  transition  performed  is  from  gas  generator  to  air- 
breathing  mode,  when  appropriate,  during  erecution  of  the  emergency  power  function. 
Finally,  functional  transitions  are  pe* formed  such  as  ground  check- to-main  enqine  start, 
as  well  as  emergency  power-to-engine  i>  flight  restart.  These  multifunctional  demands, 
plun  the  desirable  maintenance  feature  of  built-in-test  capability,  dictate  that  the  SIPU 
system  control  subsystem  be  digital  and  microprocessor  based. 


All  functions  of  the  SIPU  are 
reached  by  first  operating  the  gas 
generator.  Once  this  haa  occurred 
any  other  function  can  be  attained. 

Figure  2  shows  thiB  schematically . 

The  gas  generator  is  used  either 
to  start  the  APU  (air-breathing 
start)  from  which  ground  power  and 
ground  engine  start  may  be  achieved 
or  to  enter  an  emergency  mods  of 
operation.  The  emergency  mode  pro¬ 
vides  power  either  from  gas  gener¬ 
ator  operation  or,  if  available, 
from  main  engine  bleed  air.  In¬ 
flight  engine  restart  is  also 
achieved  through  the  emergency 
mode. 

Achieving  all  functions 
through  the  gas  generator  pro¬ 
vides  several  advantages.  Suffi¬ 
cient  power  is  available  at  the  Figure  2.  Demonstrator  SIPU  Operational  Requirements 

full  ranqe  of  operational  temper¬ 
atures  to  start  the  APU.  The  temperature  sensitive  hydraulic  start  of  the  APU  is  thus 
eliminated.  Emergency  power  is  available  immediately  when  needed  and  transfers  to  the 
slower  starting  bleed  operation  only  when  full  power  is  achieved  and  sufficient  bleed  air 
is  available.  A  key  feature  of  the  SIPU  is  that  emergency  in-flight  engine  starting  can 
be  attempted  while  still  providing  emergency  hydraulic  and  electrical  power. 

The  advantages  of  the  SIPU  include:  (1)  ground  support  equipment  independence,  (2) 
altitude  independent  emergency  and  main  engine  in-flight  restart  power,  (3)  temperature 
insensitive  APU  start  capability,  and  (4)  a  minimum  nun.ber  of  secondary  power  system  com¬ 
ponents  resulting  in  low  weight,  minimum  envelope  pacKaqe. 

These  advantage r  result  in  an  aircraft  with:  (1)  a  high  degree  of  disbursability  due 
to  the  reduced  need  for  support  equipment,  (2)  an  increased  survivability  from  the  capa¬ 
bility  to  restart  the  engine (s)  at  any  altitude  or  attitude  and  from  the  emergency  func¬ 
tion,  (3)  a  greater  availability  because  of  insensitivity  to  starting  temperatures  and 
higher  reliabilities,  and  (5)  easier  maintainability  and  higher  reliability  due  to  the 
fewex  components  needed  to  perform  the  SIPU  functions. 

Some  of  the  current  air-breathing  type  auxiliary  power  units  and  jet  engine  starters 
are  started  by  hydraulic  motor  systems.  Within  the  -40  to  -65  F  ambient  temperature  range 
hydraulic  start  motor  systems  are  very  unreliable,  thereby  limiting  APU  or  engine  starter 
usefulness.  This  problem  does  not  exist  with  the  SIPU  because  the  relatively  temperature 
insensitive  gas  generator  system  is  im«*d  to  initiate  the  ai r-breathing  mode.  This  is  done 
by  accelerating  the  APU  rotor  to  full  speed  with  the  ,a8  gem  ator,  terminating  qas  gener¬ 
ator  operation  and  igniting  the  APU  during  spooldown. 


II’U  Weight  Analysis  Results  -  Gaa  Generator 
Pump-Fed  Fuel  Configurations 


The  multifunctional  com-  Yablr  2. 
ponerit  design  approach  of  the 
single-unit  SIPU  minimised 
the  number  of  components  re¬ 
quired  in  the  advanced  secon¬ 
dary  power  system.  The 
lesult  is  higher  reliability 
than  for  multiunit  syatemr. 

In  addition,  there  is  little 
weight  penalty,  if  any,  for 
the  many  advantages  of  the 
SIPU.  Table  2  provides  a 
weight  comparison  for  a  pump- 
fed  SIPU  compared  to  an  F-16 
type  aircraft  containing  a 
jet  fuel  starter  (JPS)  and  a 
hydrazine  emergency  power 
unit  (EPU) .  As  shown,  th< 
change  in  weight  ranges  fioui 
0  to  65  pounds,  a  small  amount 

compared  to  the  advantages  gained.  The  advantages  of  an  SIPU  translate  into  higher  sortie 
rates  by  minimizing  logistic  support  qround  equipment  needs  and  reduced  maintenance. 

These  features  also  allow  aircraft  disbursement,  because  of  its  increased  self  sufficiency. 
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The  present  status  of  the  SIPU  program  ia  that  demonstration  teats  are  underway.  The 
program  is  for  design,  fabrication,  assembly,  and  test  of  a  demonstrator  capable  of  accom¬ 
plishing  the  following  functions  while  operating  in  the  modes  indicates: 

Function  Operational  Mode 

Ground  Power  Air-Breathing 

Engine  Ground  Start  Air-Breathing 

Emergency  Power  GaB  Generator  and  Main  Engine  Bleed  Air 

Engine  In-Flight  Kestart  Gas  Generator 

The  nature  of  the  current  program  is  such  that  the  low  cost  available  hardware  be 
used  whenever  possible  to  demonstrate  proo f -of -concept .  As  a  result,  the  demonstrator  in 
total  is  not  flight  weight. 

The  current  program  is  expected  to  be  followed  by  a  flight  demonstrator  program  tenta¬ 
tively  scheduled  to  begin  in  early  1984.  This  program  will  require  approximately  3  years 
to  complete  including  an  in-flight  demonstration  test  series.  On  this  schedule,  it  is  an¬ 
ticipated  that  production  versions  of  an  STPU  can  be  available  foi  aircraft  starting  in 
1987. 

CONCLUSIONS 

1.  The  SIPU  concept  is  feasible  for  both  single-  and  multiple-engine  military  aircraft. 

2.  The  SIPU  can  provide  significantly  increased  aircraft  capability  in  temperature  ana 
altitude  operations  with  little  or  no  weight  penalty. 

3.  The  SIPU  can  provide  significant  independence  from  ground  support  equipment. 

4.  The  SIPU  allows  an  increase  in  sortie  rate. 

!>-  ^he  SIPU  allows  wide  disbursement  of  aircraft  because  of  the  increase  self  sufficiency. 
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DISCUSSION 


Ph.  Ramette,  Fr 

Dans  lc  cas  d’un  groupc  de  puissance  superint6gr6,  le  qombre  de  red^marrages  est  limite  par  la  quantity  de 
combustibles  stockes.  Quel  a  6t6  le  nombre  de  red^n  ^rrages  possibles  lors  des  essais  que  vous  avez  effectuds? 

Author’s  Reply 

The  number  of  main  engine  restai's  required  to  be  demonstrated  was  three.  This  is  in  addition  to  providing 
emergency  power  (electrical  and  hydraulic  for  10  minutes).  In  an  actual  aircraft  application  the  amount  of 
propellant  can  be  varied  to  satisfy  the  requirements  of  the  user.  The  amount  of  propellant  needed  is  dominated  by 
the  emergency  power  requirements.  Engine  starts  require  much  less  propellan.;  and  therefore  do  not  affect  weight  or 
volume  very  much.  APU  starts  require  very  little  propellant,  "ihii  function  has  essentially  no  effect  on  weight  or 
volume. 
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— '?  Engine  studies  had  been  conducted  on  'all-electric1  accessory  power  systems  in 
response  to  questions  from  aircraft  manufacturers,  particularly  in  the  civil  field.  It 
was  felt  appropriate  to  extend  the  studies  to  military  applications,  and  to  clarify  the 
effects  on  engine  design  arid  performance. 


In  the  'all-electric*  proposal,  all  accessory  power  requirements  are  generated  and 
distributed  electrically.  A  major  feature  is  that  air  bleeds  for  environmental  control 
systems  are  replaced  by  increased  shaft  power  offtake, 

C 

It  is  concluded /that  the  concept  is  worthy  of  consideration  for  large  subsonic 
transport  aircraft  /  since  it  offers  the  prospect  of  simplification  and  weight  reduction 
in  the  engines.  For  supersonic  combat  aircraft,  the  concept  is  not  recommended;  with 
relatively  higher  levels  of  shaft  power  offtake,  additional  handling  problems  will  be 
created. 


In  both  cases,  it  is  the  effects  on  the  engine  and  aircraft  weight  and  systems  as 
a  whole  which  need  to  be  considered, 

J 


1.0  INTRODUCTION 

In  the  'all  electric'  systems  concept,  all  aircraft  accessory  power  offtake  from 
the  engines  is  by  mechanically  driven  electrical  generator.  Within  the  aircraft, 
electric  motors  drive  air  compz cssors  for  :he  environmental  control  system.  Aircraft 
control  surface  actuators  are  -sleet tit al ] y  powered,  either  directly  or  through  an 
electrically  driven  hydraulic  pump. 

Interest  .in  this  concept  has  been  Stimulated  by  the  improved  power/weight  ratio 
available  from  electrical  machines  using  samar ium/cobal I  magnetic  material.  Interest 
has  been  particularly  noticeable  in  the  civil  fi.-LJ  (eg  Ref  1),  where  there  is  a 
continuing  search  to  reduce  operating  costs. 

The  present  paper  examines  some  of  the  implications,  particularly  those  affecting 
the  engines.  Application  of  the  principle  to  a  subsonic  transport  aircraft  is  examined 
and  its  relevance  to  a  supersonic  combat  aircraft  also  considered. 

2.1)  SUBSONIC  TRANSPORT  AIRCRAFT 

2.1  Power  offtake  requirements 

Table  1  illustrates  the  order  of  power  offtake  needed  at  35  OOO  ft  cruise.  The 
figures  aie  for  each  engine  in  a  twin-engined  150  seater  application; 


TABLE  1  t  POWER  OFFTAKE  (St  ;f>0NIC  TRANS F  \’T) 


CONVENTIONAL 

SYSTEM 

ALL-ELECTRIC 

SYSTEM  I 

Environmental  control  system 

0,37  H-j/s 

99  kW 

FI  wing  controls 

11  FW 

l  l  *  .VI 

Electrical  services 

69  KW 

69  kW 

Engine  fuel  pumps 

.17  kW 

50  kW 

At  35  OOO  ft,  them  is  no  anti-icing  requirement.  At  altitudes  where  anti-icing  is 
required  (eg  22  OOO  ft),  heater  mats  to  protect  airlrame  and  engine  cowl  would  i  -quire 
ii'l  KW.  I  he  total  power  listed  al>ove  would  not  r.is£  by  the  full  amount,  sine?  'he 
environmental  control  system  would  require  less  power  than  at  35  OOO  ft.  Fu  Ya»  .is 
engine  performance  effects  are  r:nnr  turned,  the  35  OOO  ft  cruise  condition  is  the  more 
si gni f icant 
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2.2  Environmental  control  systems 

The  ’all  electric1  aircraft  environmental  control  system  will  use  an  electrically 
driven  air  compressor.  A  potential  attraction  of  this  concept  is  its  f lexi t»i 1 i t y .  If 
the  auxiliary  compressor  is  driven  only  as  fast  as  is  necessary  to  match  the  environ¬ 
mental  control  system  pressure  requirement,  the  power  required  to  drive  it  is  minimised 
over  the  full  range  of  eng i ne/aircraf t  operating  condition..  At  lew  altitude  (high 
pressure)  conditions,  the  device  would  operate  at  low  pressure  ratio,  low  W  VT/Pd.  At 
high  altitude,  higher  pressure  ratio  and  higher  W  VT/pd  are  required.  Thus  the  speed 
of  the  compressor  could  he  programmed  to  increase  with  altitude  (or  similar  parameter), 
and  so  match  the  aircraft  requirements.  The  pressure  required  in  the  aircraft  cabin 
is  typically  that  hown  by  the  lower  line  on  Figure  1  (line  A). 

If  this  cabin  pressure  if.  to  be  provided  by  a  conventional  (ic  engine  air  Meed) 
environmental  control  system,  the  engine  bleed  pressure  will  need  to  be  at  least  that 
shown  by  line  B  in  Figure  1.  The  difference  between  lines  A  and  B  is  characteristic  uf 
a  modern  environmental  control  system  in  suiting  up  the  required  cabin  air  pressure  and 
temperature.  The  pressure  available  from  various  compressor  stages  at  selected 
operating  conditions  is  also  shown  on  Figure  1.  Current  aircraft  may  i ap  air  from  a 
particular  compressor  stage,  switching  to  compressor  delivery  for  the  descent  phase. 

At  low  altitude  (including  take-off),  this  is  wasteful  of  pressure.  Hence  the  electri¬ 
cally  driven  system  is  able  to  show  a  modest  fuel  saving  (see  Appendix).  This  saving 
is  limited,  partly  because  tin?  overall  efficiency  of  the  electrical  power  transmission 
system  will  never  exreed  50%  (see  Figure  2). 

The  direct  air  bleed  system  can  be  improved  by  providing  a  further  bleed  point  on 
the  compressor ,  so  that  the  bleed  can  be  taken  from  the  most  economical  point.  Ry 
this  moans,  the  fuel  penalty  can  be  made  comparable  to  that  of  the  »al 1 -elec trie’ 
offtake  system.  However,  this  mill l i-blced  system  requires  additional  ducts  and  control 
valves. 

The  data  in  Figure  2  also  shows  that  the  oUt>  rical  transmission  will  reject  3d  kW 
of  heat  at  cruise,  plus  a  further  11  kW  if  the  engine  fuel  pumps  are  electrically 
driven.  The  heat,  sink  capacity  of  the  fuel  is  already  likely  to  bf?  fully  committed, 
even  allowing  for  reduce*  1  heat  dissipation  from  the  simplified  engine  gearbox.  However, 
the  cooling  load  of  the  aircraft  environmental  control  system  will  also  be  changed. 

An  environmental  coni  ml  system  trade-off  study  is  needed  to  establish  the  revised 
cooling  needs,  but  that  is  outside  the  scope  of  this  paper.  The  particular  problems 
of  the  •(»•>«  engine  out*  ami  other  failure  cases  need  to  be  included. 


2.3  Starting 

It  can  be  shown  that  a  150  KVA  generator  operating  in  the  starting  mode  and 
operated  by  a  400  llz  115  volt  3  phase  power  supply  regulated  by  the  variable  speed 
constant  frequency  sysi»*ni  is  capable  of  starting  most  largo  civil  engines  in  reasonable 
time.  This  implies  that  a  suitable  APU  is  available  to  provide  tho  electrical  power. 


2,4  Engine  design 

The  J  a!  l-cleo  t  ri  e.  ’  concept  offers  considerable  scope  fur  engine  si  nip  1  i  f  i  cat.  i  on  arid 

weight  reduction.  The  following  points  .ire  relevant; 

a)  Air  bleed  system i  The  manifolds  needed  to  bleed  off  substantial  air  flow  for  the 
aircraft  environmental  control  system  would  no  longer  be  reeded.  An  efficient 
conventional  subsonic  transport  aircraft  would  require  the  facility  to  bleed 
pvnhahjy  three  stages  of  the  HP  compressor,  together  with  appropriate  ducting  and 

■ rol  valves.  The  only  air  bleeds  remaining  would  be  those  required  by  tin* 
ru.1  itself,  including  starting  and  handling  capability. 

b)  Engine  gearbox  design.  i'hi«=  could  ho  greatly  simplified  if  it  was  only  required 

to  drive  one  accessory,  to  an  electrical  generator,  (Th*-  ultimate  step  would  be  lo 
integrate  the  generator  into  the  engine  core  and  hence  dispense  wi Lb  the  gearbox 
and  cross  drive  altogether,  but  consideration  of  this  is  not  included  in  the  current 
paper-).  A  modern  150  KVA,  21  OOO  rpm  generator  could  be  2H0  min  diameter  x  450  mm 
long.  It  will  be  accompanied  by  a  variable  speed  con:* ant  frequency  controller  of 
at  1  ea  -» t  equ;, .1  vo  1  umo . 

c )  Engine  installation.  The  new  concept  would  reduce  the  number  of  pipe  connections 
affected  when  removing  m  engine  In  particular,  major  air  and  hydraulic  pipes 
between  engine  ami  aircraft  vvoul-  be  avoided,  although  1  he  clef  1  vb’.g  romicet* >r •, 
will  have  to  <ariy  additional  load. 

d)  Fuel  pumps,  l>i  iv»-s  i  or  the  engine  fuel  pump  would  be  redesigned.  Iilrrb  ir.il  1  v 
driven  fuel  pumps  are  widely  used  in  aircraft  systems,  sir  a  precedent  exists  fur 
considering  that  option.  Integrity  and  failure  analysis  aspects  require  further 
i  rives  i  i  gat  ion. 

i j  The  dii  •«  t  effect  on  engine  weigh  will  be  a  saving  of  approximately  40  kg  tori  a 

ino  kN  thrust  engine.  This  d«>e«-  i.-d  include  changes  in  the  weight  of  the  access¬ 
ories  th  mselves,  or  changes  to  system  component  s  in  t  lit*  aircraft. 
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3.0  SUPERSONIC  COMBAT  AIRCRAFT 
'3,1  Power  offtake  requirements 

This  section  relates  to  a  medium  size  turhofan  engine,  with  afterburning,  applied 
to  a  twin-engined  aircraft , 

Table  2  illustrates  the  order  of  power  offtake  needed  with  a  conventional  accessory 
power  system.  The  two  sets  of  figures  given  are  for:  a)  a  normal  cruise  condition 
and  b)  short  duration  peak  demands.  The  latter  relates  to  si nnl e-engined  operation 
including  reheat}  the  listed  demands  may  not  occur  concurrently. 


TABLE  2 i  POWER  OFFTAKE  FOR  CONVENTIONAL  SYSTEM 


CRUISE 

PEAK  DEMAND 
(SINGLE  ENGINE) 

Environment  «\1  control  system 

0.20  kg/s 

0.40  kg/s 

P lying  con  t  rol s 

20  kW 

120  kW 

Electrical  services 

40  kW 

80  kW 

Engine  fuel  puinpr. 

20  kW 

180  kW 

Engine  nozzle  actuation 

° 

10  kW 

Compared  to  the  subsonic  transport  engine  considered  in  section  2.0,  the  following 
points  are  of  interests 

a)  The  peak  power  for  fuel  pump  ng  is  particularly  high.  This  is  due  to  the  after¬ 
burner  fuel  pump. 

b)  The  total  power  offtake  of  the  military  engine  in  cruise  is  greater  relative  to 
the  spool  power*  the  effect  is  even  more  significant  when  the  afterburner  is  in 
use. 

c)  The  single  engine  failure  case  (ie  all  services  supplied  by  one  engine)  is  more 
significant  because  of  the  relatively  high  accessory  power  demands. 

Table  3  illustrates  the  order  of  power  offtake  needed  with  an  all-electric  drive 
sys  tem. 


TABLE  3:  POWER  OFFTAKE  FOR  » ALL-ELECTRIC 1  DRIVE  SYSTEM 


CRUISE 

(BOTH  ENGINES) 

CRUISE 

(SINGLE  ENGINE) 

PEAK 

(SINGLE  ENGINE) 

F.nvi  ronmental 
control  system 

25  kW 

50  kW 

50  kW 

Flying  controls 

25  kW 

50  kW 

160  kW 

Electrical  services 

40  kW 

HO  kW 

HO  kW 

Engine  fuel  pumps 

Engine  nozzle 
aetuat ion 

30  kW 

0 

30  kW 

O 

220  kW 

10  kW 

One  immediate  conclusion  is  that  interposing  an  elect: it:  generat or/motor  link  in  the 
drive  to  the  af  >  •rbmner  fuel  pump  is  unacceptable:  the  power  wasted  is  too  great. 


3.2  Hnvi  rorimen tal  control  system 

In  the  super-ton  i  o  combat  aircraft,  the  air  bleed  for  environmental  control  system 
purposes  is  a  lower  percent  aye  of  the  total  accessory  power  load.  Thus  .my  saving  in 
fuel  consumption  by  introducing  an  bell— elec  trie*  drive  system  is  minor  in  comparison 
with  othoi  cons  i  ilerati  ons. 


3 .  j  Engine  ham II  i ng 

As  described  ■»  the  Appendix,  the  effect  of  taking  shaft  power  is  to  move  the  HP 
compressor  working  line  towards  surge,  while  taking  bleed  moves  the  tunning  line  away 
from  surge.  Thus  tin?  conventional  env  i  i  oilmen  t  a  l  control  system  air  bleed  sy-twn  has 
the  advantage  that  it  helps  lo  offset  wiluiig  line  movement  Leased  hv  shall  power 
demand:,.  If  the  1  a  1  I  -c  1  ee  I  r  i  c  f  diive  system  is  adopted,  working  I  urn  mrn»nrw'>,  t  will  Ik* 
increased.  While  it  i  i.  pn:,:.  i  lil  i-  to  matih  the  design  <>]  riti  engine  in  eater  tor  a  fixed 
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quantity  of  shaft  power  offtake,  this  is  difficult  in  the  case  of  the  supersonic  combat 
application  because  the  range  of  power  o>  t'take  is  so  great  (ie  ^jl).  Hence  if  the 
engine  is  designed  to  provide  the  substantial  surge  margin  needed  for  rapid  engine 
acceleration,  at  other  conditions  the  compressor  will  be  operated  at  a  point  where 
significant  loss  in  efficiency  occurs. 

An  alternative  approach  is  to  measure  the  shaft  power  offtake,  and  allow  for  this 
in  the  Control  of  the  engine.  Provided  the  necessary  degree  of  variable  geometry 
exists  (eg  variable  inlet  guide  vanes),  modern  electronic  control  systems  are  ideally 
suited  to  performing  this  task. 


3.4  Engine  design 

Although  some  saving  in  engine  weight  could  be  expected  if  electrically  driven 
accessories  wer-2  adopted,  the  potential  saving  is  substantially  less  in  the  supersonic 
combat  engine  than  in  the  case  of  the  subsonic  transport  engine.  The  reasons  are  as 
fol lows* 

a)  Air  bleed  system.  On  the  supersonic  combat,  there  is  not  such  a  strong  case  for 
complex  air  bleed  systems.  There  is  therefore  less  to  be  gained  by  deleting  the 
relatively  simple  air  bleed  systems  used  on  current  supersonic  military  engines. 

In  any  case,  existing  starting  and  handling  bleeds  would  have  to  be  retained. 

b)  Engine  gearbox  design.  Since  it  s  recommended  that  the  afterburner  fut?l  pump 
should  continue  to  be  engine  driven,  there  is  less  scope  for  simplifying  the  engine 
gearbox.  Also  in  some  supersonic  combat  aircraft,  certain  aircraft  accessories  are 
mounted  on  a  separate  gearbox,  ie  not  on  the  engine  gearbox  itself.  Consequently 
there  is  less  to  be  gained  from  the  new  concept. 


4.0  DISCUSSION 


In  considering  the  application  of  'all-electric*  accessory  power  systems,  the  most 
significant  change  concerns  the  provision  of  air  for  the  aircraft  environmental  control 
system. 

For  comparison,  it  is  convenient  to  use  a  conventional  air  bleed  system  as  datum, 
ie  bleed  is  from  one  compressor  stage,  prohably  switching  to  HP  compressor  delivery  for 
idling  descent.  This  bleed  has  an  effect  on  engine  fuel  consumption.  By  choosing  a 
more  efficient  environmental  control  system  and  providing  a  further  air  bleed  point 
on  the  compressor,  the  fuel  consumption  penalty  can  be  improved.  A  similar  fuel  saving 
can  be  obtained  by  choosing  the  electrically  driven  environmental  control  system,  ami 
the  latter  has  the  advantages  that  a)  complex  air  bleed  manifolds  and  control  valves 
are  not  required  and  b)  engine  gearbox  design  can  be  simplified.  Thus  for  the  large 
subsonic  transport  application,  the  electrically  driven  approach  has  merit  provided  the 
weight  saved  on  the  engine  is  not  negated  by  additional  weight  in  the  associated  aircraft 
systems.  Th«’  fairly  modest  items  of  weight  saving  have  a  cumulative  effect  when  con¬ 
sidering  uii:  aft  fuel  consumption  and  payload. 

On  an  engine  for  a  supersonic  combat  aircraft,  additional  consideration,  arise 
Accessory  power  requirements  are  higher  relative  to  the  size  of  the  engine  core. 
Consequently,  there  are  additional  handling  problems,  and  replacing  air  bleed  by 
additional  shaft  offtake  would  worsen  the  difficulties.  The  scope  for  simplifying 
engine  design  is  also  more  restricted,  particularly  since  it  is  concluded  that  the 
afterburner  fuel  pump  should  not  be  powered  by  electrical  transmission.  Thus  in  the 
supersunic  combat  application,  engine  consi derati nns  indicate  that  the  *al 1 -electric* 
approach  should  not  be  adopted.  It  may  be  appropriate  to  ask  whether  the  fairly 
complex  mechanical/pneumatic  transmissions  often  used  in  this  type  of  aircraft  could 
be  replaced  by  electrical  power  transmission.  However,  consideration  of  the  special 
needs  of  the  aircraft,  arid  accompanying  integrity  and  operation  tealures  go  beyond  the 
scope  of  The  present  paper. 


APPENDIX 


ENGINE  PERFORMANCE 


General 


Figure  3  shows  a  HP  compressor  characteristic,  and  the  steady  ’working  line’ .  This 
line  is  produced  by  metering  the  appropriate  fuel  flow.  Tn  accelerate  the  engine,  fuel 
flow  is  increased.  During  the  subsequent  transient,  the  compressor  delivery  pressure 
rises  above  the  steady  state  working  line,  ie  the  HP  compressor  runs  closer  to  surge. 

Taking  shaft  driven  accessory  power  also  raises  the  running  line  as  indicated  on 
Figure  3,  ie  it  reducer*  the  surge  margin.  Taking  air  bleed  from  the  HP  compressor  has 
the  opposite  effect.  Movement  of  the  working  line  can  also  affect  the  efficiency  at 
which  the  compressor  operates. 


A  fair  comparison  between  the  engine  performance'  with  a  conventional  environmental 
control  system  and  the  all  electric  system  requires  the  engines  to  bp  matched  so  that 
at  the  chosen  level  of  bleed  or  power  offtake,  the  installed  working  line  is  identical. 

Large  subsunir  transport 

The  engine  performance  studies  are  based  on  an  advanced  tuibofan  with  a  nominal 
bypass  ratio  of  7,  an  overall  pressure  ratio  of  32:1  and  a  hot  day  take-off  stator 
outlet  tempo i aturc  of  1600  K.  The  engine  is  sized  to  meet  the  thrust  requirements  of 
a  ISO  seat  twin-engine  aircraft. 

Table  4  illustrates  the  effect  nt  0.J7  kg/sec  bleed  <m  engine  specific  fuel 
consumption.  This  should  be  examined  in  conjunction  with  section  2.2  and  Figure  1. 


TAH1.F  4:  EFFECT  OF  AIR  BLEED 


TAPPING  POINT 

SFC 

( 5000  ft  climh) 

SFC 

(36  OOO  ft  cruise) 

Cabin  pressure 

Datum 

Datum 

3rd  stage 

♦0.43% 

+0. 32% 

4th  stage 

+0.r>5% 

+0.S4% 

Oth  stage 

+0.67% 

+0.70% 

Comparisons  between  the  block  fuel  used  r»n  a  typical  r»00  nautical  mile  mission  art* 
given  in  Table  S  foj  d:fferent  standards  of  env i mnnienlal  control  system. 


TABLE  r>:  F,l  OCK 

FUEL  USAGE 

DESCRIPTION 

LOCATION 

BLCX  K 

FUEL 

Convent  ion-'  t 

enviionnien  tal 

.r»th  and  loth  stage  tappinqs 

Da  t  urn 

control  system 

Improved 

env  i  r;  >nmeu  ta  l 

3rd,  Sib  and  lUlh  stage  tappings 

-0.47% 

i.unti'ol  system 

All  electric 

Shaft  fr«>m  HP  spud 

,  _ 

-O . 44% 

A  constant  fan  diameter  was  assumed,  with  core  size  allowed  to  float  tn  maintain 
a  constant  h*»t  day  luke-off  HI*  turbine  rotor  blade  metal  tempera  t  ur*» .  The  aircraft 
thrust  requirements  were  assumed  to  be  the  same  in  each  case.  i  I  ie  (.able  allows  Ui>t 
the  modest  fuel  saving  is  similar  for  both  the  improved  env i ronmenta 1  control  system 
and  the  1  ,il  J.~e  lee  t  v  i  c 1  system.  The  fuel  saving  is  equivalent  to  about  28  kg  per  air— 
iji’x  mission. 

The  descent  phase  was  not  ii:t;Lnd«»«i  in  the  above  tabulation,  since  it  rej  rsrnts  only 
a  small  proportion  of  the  total  iuel  consume'!.  There  could  be  slight  advantage  to  the 
*  al  1  -i*l  ee  t »  ic  ’  svsUm  during  that  phase,  because  with  an  ail  bleed  system,  engine  j  pm 
i •  .V  -  •;  *  •  ■•’!***:  -  lit  11,1,1,1  i  i  l-.r  h  •  (ill  ■.[!«••  i  f  i  f  |  Tv  to  m»>i»  t  el  iV  i  rorinu»nt  a  1 

control  system  needs. 


Although  a  relatively  small  hot  core  was  used  for  the  base  engine,  its  precise 
detail  is  not  important  to  the  result  since  the  effect  of  power  offtake  or  bleed  is  a 
function  primarily  of  core  power,  not  core  engine  flow. 

There  will  also  be  a  cumulative  effect  arising  from  adjustments  in  .aircraft  weight 
due  to  changes  in  fuel  load,  engine  weight,  and  accessory  systems  weight.  The 
tabulations  do  not  include  these  features. 

Supersonic  combat  aircraft 

The  principles  are  similar  to  those  described  above.  However,  the  implications  are 
different  for  reasons  described  in  section  3.3, 
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E.W. Eckert,  Ge 

The  conversion  of  secondary  power  system  to  an  all  electric  system  may  have  advantages  in  terms  of  better  control, 
high  overload  possibility  etc.  The  distribution  of  high  loads  means  high  current  and  affects  the  cabling  system,  as 
either  the  wires  cross  sections  have  to  be  increased  (weight  implication!)  or  a  higher  voltage  lias  to  be  chosen.  270  V 
DC  have  been  mentioned  in  this  context.  Are  the  data  given  in  fig. 2  based  on  such  a  higher  voltage? 

Remark:  Introduction  of  higher  voltage  will  have  considerable  implications  on  logistics  and  standardization. 
Author’s  Reply 

The  figures  and  efficiencies  quoted  in  the  paper  were  based  on  present-day  voltages.  You  imply  that  the  weight  of 
copper  could  become  serious:  this  could  be  so.  Against  this,  the  “all-electric”  system  will  alow  us  to  throw  away 
some  major  connections  between  engine  and  aircraft  including  oil  and  large  air  pipes.  This  again  shows  the  need  for 
the  aircraft,  engine  and  accessory  specialists  to  work  closely  together  to  fully  assess  the  difficulties  at  an  early  stage. 


Ph.  Ramette,  Fr 

Entre  un  systeme  conventionel  et  un  syst^me  “tout  6lectrique*’  vous  avez  presen  16  des  comparisons  sur  les 
prehivenients  dc  puissance  nicessaires  et  sur  les  poids.  Avez  vous  effectuS  des  comparisons  concemant  la 
maintenance  du  systdrne. 

Author’s  Reply 

We  have  not  yet  studied  maintainability  issues.  Solely  from  the  engine  viewpoint,  there  should  be  some 
improvement  since  there  are  no  longer,  for  example,  hydiaulic  connections  to  the  engine. 


A.L.Ronunin,  US 

What  are  the  types  of  main  engine  generators,  any  high  speed  P.M.G.? 

Author's  Reply 

The  efficiency  figures  used  were  those  associated  with  Samarium  cobalt  V.S.C.F.  machines. 
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ABSTRACT 

^Today's  advanced  aircraft  electrical  power  generating  systems  rely  on  microprocessor  technology  tor 
the  Implementation  of  most  control,  protection,  and  built*  In  test  functions.  Ml  coprocessors  of  far 
distinct  advantages  over  discrete  logic  devices  In  system  design  and  perf finance,  tit*  first  halt  ot/thls 
paper  highlights  these  advantages  by  Illustrating  the  design  Implementation  process  used  In  current 

systems,-  .*  * »  J  't  t  •;  ■  * 

The  second  half  of  the  papen>»xpends  on  these  advantages.  By  adapting  more  advanced  microprocessor 
systems  In  the  next  generation  of  aircraft  electric  systems,  additional  functions  can  be  Imp  I  emented. 
Microprocessor  control  of  generator  paralleling  and  voltage  regulation  coupled  with  more  effective  built- 
in  test  capabilities  will  result  In  significant  Improvements  In  system  performance, 

INTRODUCTION  ~ 

Microprocessors  are  operating  In  a  variety  of  advanced  commercial  and  military  aircraft  electric 
power  generating  systems.  Each  application  Is  unique  In  Its  power  rating,  bus  structure,  control  and 
protection  logic,  and  built-in  tost  capabilities.  Yet,  they  all  maintain  a  substantial  amount  of 
commonality.  This  Is  due  largely  to  the  use  of  microprocessors  and  a  building  bloch  design  approach  to 
create  built  In  system  design  efficiency  and  performance  advantages. 

The  building  block  analogy  starts  with  primary  blocks  representing  those  components  maklnq  up  the 
electrical  power  generating  sy  tern.  Blocks  corresponding  to  system  control  units  will  In  turn  be 
composed  of  many  smaller  blocks  representing  Individual  systsm  functions.  Some  of  the  smaller  blocks 
will  be  clrcufv  blocks.  Others  will  be  software  blocks.  The  selection  and  combination  of  these  smeller 
detailed  blocks  produce  the  characteristics  of  the  control  units  and  ultimately  the  system  operation. 

Examining  the  design  process  provides  an  Insight  Into  the  advantages  of  microprocessors  In  today’s 
advanced  syslems.  In  the  future,  new  building  blocks  will  further  I nhance  system  performance.  These  new 
blocks  will  become  available  as  mlcroprcn  sors  are  Implemented  In  more  system  functions. 

I.  ELECTRICAL  POWER  GENERATING  SYSTEH  (EPGS) 

This  discussion  Is  based  on  systems  powered  by  115/200  Vac,  3  phase,  400  Hz  generators.  Primary 
functions  of  the  EPGS  are  to  generate  electric  power  and  distribute  It  to  the  electrical  loads  on  the 
al  rcraft. 


Major  components  (primary  blocks)  of  the  typical  EPGS  Include  tha  following  devices  shewn  In  Figure  1 


-Aircraft  engine  driven  Integrated  drive  generators  (IDG) 

-  -  r.  r'**r.r  d!*!V2t»  hv  th*  ■Iivliiarv  rviwnr  unit  fAPH) 

-Curran!"  transformer  assembl  les  (CTA) 

-Generator  control  units  associated  with  each  generator  (GCU) 
-Bus  (or  ground)  power  control  unit  (BPQj  or  GPCt)) 


The  numbor  of  CTAs  Is  dictated  by  the  number  of  system  power  sources  and  the  extent  of  the  overload  and 
feeds,  fault  protection  provided. 

0.  System  Conf I gurat Ion 

Figure  2  Is  a  line  diagram  of  the  ERGS.  This  example  system  Is  nonparallel  but  takeover  of  one  main 
source's  loads  by  the  other  Is  allowed.  The  external  power  and  API!  sources  can  assume  one  or  both  main 
I  oads  depending  on  aval  I  abl  I  I  ty  of  the  maf  n  sources.  Sped  f  Ic  system  responsl  bl  i  I  ties  are  as  follows: 
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Figure  2  Typical  EPGS  Bob  Structure 
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GCU  -  The  GCU's  primary  function  is  to  monltoi  and  regulate  the  generator.  Its  secondary  responsl b  1 1 1 ty 
Is  to  control  and  prote-  t  the  main  bus.  This  Is  accoB.pl  I  shed  by  manipulating  breakers  In  response  to 
fault  conditions  and  system  configuration.  The  GCU  also  has  built-in  test  equipment  (BIT)  capabilities 
for  monitoring  the  Integrated  drive  generator,  main  and  auxiliary  bus  breakers,  end  Its  own  Internal 
circuitry. 

BPCU  -  The  BPCU  controls  and  protects  the  external  power  bus,  tie  bus,  end  ground  handling  bus. 
Communication  and  BIT  1  nterrogatlon  for  system  controls  are  Initiated  by  the  BPCU.  The  display  and 
switches  for  BIT  Interrogation  are  located  either  on  the  BPCU  front  panel  or  on  a  remote  panel  connected 
to  the  BPCU  by  data  link. 

CTA  -  The  CTAs  monitor  system  current  for  overload  and  feeder  fault  protection. 

I  I.  ELECTRICAI.  POWER  GENERATING  SYSTEM  DESIGN 

Design  of  the  m leroprocessor-besed  EPGS  control  units  typically  Includes  the  following  steps  In  the 
design  cycle  (I) : 

SYSTEM  REQUIREfCNT  ANALYSIS 
SPECIFICATION 
ARCHITECTURAL  DESIGN 
DETAILED  DESIGN 
IWT.EHENTATION 
MAINTENANCE 

A.  System  Requirement  Analysis 

As  with  any  design  function,  the  first  step  Is  to  analyze  the  needs  of  the  system.  Examples  used 
hsre  are  based  c,  systems  Installed  on  the  Boeing  757/  767,  Airbus  A310,  Air  Force  (Boeing}  KC-135P,  and 
their  derivatives.  The  primary  needs  of  each  of  these  aircraft  are  a  high  qua! Ity/rel lab! I  I ty  power 
output  and  a  high  degree  of  eutcmatlon.  The  high  qual I ty/rel lab  II  I ty  output  requirement  It  dictated  by 
the  Increased  use  of  electronics  for  flight  control.  Increased  eutcmatlon  to  reduces  crew  work  load  and 
also  plays  an  Important  role  In  advanced  power  transfer  and  system  protection  schemes. 

Fecondary  system  requirements  Include  weight  reduction  and  decreased  maintenance  downtime.  In  light 
of  fuel  cost  Increases,  the  Inverse  relationship  of  fuel  eff|r!«nry  fo  a!rcr»?t 

Cv»ia  ur  ius.  revenue  ana  labor  make  It  mandatory  that  nonproductive 
maintenance  downtime  be  minimized. 


Specifying  System  Functions  end  Constraints 
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Based  on  the  requl raments,  a  functional  description  ana  operating  constraints  of  the  system  ore 
developed.  Functions  of  the  system  will  be  categorized  os  control,  protection,  and  built  In  test.  Each 
functon  will  have  Its  corresponding  constraints.  For  example,  routing  power  to  e  load  channel  may  be 
Inhibited  by  a  control  constraint  under  single  source  conditions.  A  typical  protection  constraint  would 
be  the  operating  voltage  limits  for  the  system.  The  built  In  test  functions  would  be  constrained  by  the 
type  of  crew  Interaction  proposed. 

The  end  product  of  this  exercise  Is  a  specification  document  describing  system  performance. 

Dwelling  cn  the  apparently  obvious  steps  of  requirement  analysis  and  specification  seems  to  belabor 
these  polrv>s.  However,  experience  has  shown  that  when  emphasis  Is  placed  on  these  efforts,  two  Important 
gains  are  made.  First,  the  cus.omer  and  designer  will  be  assured  that  their  I nterpretatlons  of  the 
system  functions  will  be  based  on  the  same  requl  resents.  Second,  the  designer  will  have  a  clearer 
picture  of  what  the  Intended  results  are  to  be.  These  advantages  will  become  more  apparent  later  In  the 
design  process. 

C.  Architectural  System  Design 

The  architectural  system  design  effort  consists  of  Identifying  the  Input  and  output  signal 
requirements  and  the  logic  expressions  required  to  perform  the  specified  system  functions.  Since  this 
sysfwm  Is  to  be  microprocessor-based,  this  Is  also  the  time  to  select  the  processor  to  be  used  and 
estimate  the  memory  nnd  peripheral  requl rements. 

Processor  selection  is  based  on  two  criteria.  The  first  will  be  considered  "design"  requirements. 

In  this  category,  the  following  parameters  are  studied: 

Spead— How  fast  the  microprocessor  handles  data 
Capacity— The  amount  of  Information  that  car  be  processed 
Versatl  I  Ity— The  types  of  peripheral  devices  available 
Instruction  Set — Instructions  tor  operating  the  processor 

Functloiis--F©otures  of  the  processor  that  would  be  useful  In  the  control  unit  design. 

The  second  requirement  Is  "practical  I ty This  Includes: 

Cost  —  Price  of  the  processor  and  Its  peripherals 
Availability — Lead  times  and  second  sources 

Support— Logic  analyzers,  developmenl  systems,  emulators,  and  programmers  necessary  to  design  a 
ml- ro  processor -based  system 

Experience — Personnel  familiarity  with  the  processor 

Bnsed  on  the  above  criteria,  the  8085  was  chosen  as  the  microprocessor  -to  be  used  In  these  systems. 

D.  Detailed  System  Design 

(1)  The  Microprocessor  Circuit 

Once  the  decision  Is  made  to  use  the  8085,  the  microprocessor  circuit  Is  designed.  Stressing 
commonality,  the  circuit  design  Is  configured  for  the  most  complex  control  unit  r  e'.ui:  m*wn  r ».  Ghi*< 
control  unit  applications  will  use  a  scaled  down  version  of  this  design. 


In  the  m Icroprocessor  circuit,  thorn  ore  provisions  for  p  variety  of  functional  circuits  and 
devices.  Figure  3  Is  a  diagram  Illustrating  those  circuits  and  devices. 
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Figure  J  The  Iftcropnaceeeor  CircuH 


-The  POWER  UP/RESET  circuit  Is  -the  GO  signal  that  starts  the  m  Icroprocessor  reading  Instructions  from  the 
reed-o.ilv  memory. 

-READ-ONLY  MEMORY  (ROM)  contains  the  step-by-step  Instructions  used  by  the  m Icroprocessor  to  perform  the 
control  unit  functions.  Two  technologies  of  ROM  are  used;  Erasable/Prog  ammable  Read-Only  Memory 
(EPROM)  and  Electrically  Erasable/Progrerneable  Read-Only  Memory  (EEPR0M1. 

-The  WATCHDOG  circuit  Initiates  a  fall  safe  shutdown  of  the  control  unit  If  a  microprocessor  related 
failure  occurs  that  could  potentially  resu't  In  Incorrect  operation. 

-NONVOLATILE  KMORY  (NVM)  Is  the  storage  location  for  BIT  messages  Identifying  system  failures. 

Nonvolatile  Indicates  that  the  memory  Is  retained  when  power  Is  removed.  Two  tech-.xMogles  are  also  used 
hore.  Electrically  Alterable  Read-Only  Memory  (EAROM)  Is  similar  to  and  has  been  replaced  by  the  EEPROM 
In  I ater  designs. 

-RANDOM  ACCESS  MEMORY  (RAM)  locations  temporarily  store  data  used  for  timing,  sensing,  and  controlling. 
-PERIPHERAL  PORTS  Interface  the  microprocessor  with  digital  Inputs  and  outp  !s. 

-INTERVAL  COUNTERS  are  used  to  determine  frequency  of  ar  Input  and  provide  periodic  timing  functions 
asynchronous  to  the  microprocessor. 

-ANALOG-TCt-DIGITAL  (A/D)  and  D IGITAL-TO-ANALOG  (D/A)  CONVERTERS  Interface  the  microprocessor  with  analog 
Inputs  and  outputs. 

-A  UNIVERSAL  ASYNCHRONOUS  RECEIVER/TRANSMITTER  (UART)  translates  the  8  bit  parallel  Information  from  the 
microprocessor  to  serial  data  that  Is  communicated  between  control  units. 

(2)  Software  Design 

The  design  of  software  building  blocks  begins  wliii  the  abstraction  of  system  functions  that  outlines 
th  Intended  purpose  of  the  software.  From  the  outline,  ■  written  description  of  software  operation  Is 
created.  Writing  descriptions  of  the  software  programs  jrves  two  useful  purposes.  First,  It  reinforces 
the  gcal  of  bringing  outside  groups  (other  than  the  designers  and  programmers)  Into  'he  review  process  by 
providing  a  narrative  of  the  software  function.  Second,  the  description  provides  details  required  by  the 
programmer.  «l+h  the  written  description  !n  hand,  the  structured  design  phase  begins. 

Structured  program  design  (2),  as  used  In  EPGS  software  programing.  Is  primarily  concerned  with  the 
concepts  of  modularity,  cohesion,  and  coupling.  Beginning  with  a  hierarchy  of  executive  routines  or 
modules,  the.  software  Is  broken  down  Into  specific  functional  modules  of  ever  Increasing  detail.  At  the 
lowest  level,  the  Ideal  module  deals  with  a  single  system  function.  Cohesion  Is  the  measure  of  the 
degroe  to  which  a  modulo’s  responsibility  Is  restricted  to  one  function.  The  other  concopt,  coupling, 
refers  to  the  Interdependence  of  modules.  Efficiency  In  design  Is  Improved  by  maximizin'  cohesion  and 
mlnlmlz 1 ng  coupl 1 ng. 

In  creating  the  software  module,  three  design  aids  are  used;  logic  flow  charts,  pseudocode  or 
program  design  language  (PDL),  and  data  flow  charts.  The  logic  flow  chart  provides  a  convenient  method 
of  represent  1  ng  module  operation.  It  Is,  however,  open  to  Interpretation  by  the  programmer  ard  allows 
for  a  choice  of  programming  techniques.  The  Ideal  pseudocode  restricts  programner  Interpretation. 

Also,  when  used  with  a  system  of  strict  format  and  syntax  rules,  pseudocode  ‘llctal  -s  the  I nst< 'ictlons  to 
be  programmed.  This  efficiency  Is  offset  by  the  need  to  study  It  In  detail  io  uno  rstand  the  .unction 
of  the  modu'e.  To  obtain  the  benefits  of  both  methods,  utility  programs  have  been  created  to 
automatically  generate  logic  flew  charts  from  the  pseudocode.  The  third  tool  used  In  software  design  Is 
the  data  flow  chart.  This  maps  out  the  trdvels  of  data  from  Inputs  to  merory  storage  areas  to  the 
manipulating  modules  and  ultimately  to  the  Interfacing  peripheral  device.  its  main  function  Is  to 
assist  In  hardware/software  Integration. 

Integration  of  hardware  and  software  need  not  take  place  In  the  early  phases  o'  software  design. 
Simulator  programs  are  available  that  can  be  configured  to  Imitate  hardware  and  system  functions. 

Software  development  systems  provide  flexibility  during  development  by  replacing  the  reod-only  memory 
with  external  memory  such  as  a  disk  drive.  By  using  simulators  and  development  systems,  the  time 
required  for  circuit  modification  and  memory  reprograming  Is  greatly  reduced. 

Beyond  tho  requirements  of  a  particular  application,  standardization  In  module  design  promotes 
reusability  In  other  systems.  This  requires  that  definitions  and  representations  of  data  and  parameters 
be  UEC'd  consistently.  Consideration  must  also  fcs  given  to  frequently  used  software  (ghcllufis,  sui_fi  o» 
timing  and  memory  storage,  to  ensure  portability  between  systems. 

(3)  Hardwrre  Design 

While  software  development  continues,  hardware  deign  proceeds  with  virtual  Independence. 

Interfacing  circuits  between  the  Inputs  and  outputs  and  the  m  I  coprocessor  circuit  are  developed 
cu-cordlng  to  the  requirements  defined  In  the  architectural  system  design.  Peripheral  requirements  of  the 
microprocessor  circuit  are  dictated  by  The  following: 

1.  Digital  Inputs  to  the  porlj-her-il  fx>rts 

2.  Digital  outpvits  from  tho  peripheral  ports 

3.  Analog  Inpuls  to  the  A/D  converters 

4.  Analog  outputs  from  the  D/A  converters 

5.  Periodic  Inputs  o  the  Interval  counters 

6.  Communications  channels 
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These  will  become  the  hardware  building  blocks.  It  Is  Important  to  stress  that  the  some  reusability 
philosophy  promoted  In  software  design  carries  oyer  to  hardware  circuit  design.  Microprocessors  moke 
this  goal  more  attainable,  Ratner  than  creating  large  self  contained  circuits  with  Inputs,  logic,  and 
outputs,  as  In  a  discrete  design.  Input  and  output  circuits  stand  alone.  Similar  Input  and  output 
circuits  will  Interface  with  the  same  types  ot  microprocessor  circuit  peripheral  devices.  Thus,  n 
measure  of  commonality  has  been  achieved  within  the  control  unit  and  with  other  control  unit 
appl Icatlons. 

E.  Design  Implementation 

Implementation  of  tho  design  Is  the  exercise  ot  combining  software  and  hardware  blocks  to  produce 
the  desired  control  unit  functions.  It  Is  a  series  of  analyses,  tests,  modifications,  and 
recomb  1  nations. 

(1)  Software  Analysis  and  Testing 

Hardware  circuit  analysis  has  the  software  correlation  of  module  testing  and  Integration  testing. 

Just  as  the  Individual  circuit  Is  analyzed  for  response,  the  software  module  Is  exercised  to  verify  that 
each  logical  path  In  the  module  produces  the  desired  outputs  for  specific  Inputs,  In  Integration 
testing,  a  software  Input  or  combination  of  Inputs  Is  tracked  through  the  software  to  verify  that  the 
resulting  system  respond  Is  correct.  These  tests  and  others  used  to  establish  software  Integrity  are 
outlined  In  military  standard  MIL-5-52779A,  Software  Quality  Assurance  Program  Requirements.  (3) 

The  development  of  software  Is  a  labor  Intensive  effort  with  time  equally  divided  between  design  and 
testing.  By  promoting  the  reusability  of  software  modules,  the  testing  can  be  greatly  reduced  by  testing 
through  similarity.  (4) 

(2)  Integration  of  Hardware  and  Software 

Once  Integration  of  hardware  and  software  has  taken  place,  functional  testing  Is  performed  un  the 
bench  and  In  system  mockups  to  confirm  control  unit  and  system  operation.  Any  discrepancies  In  the 
hardware  or  software  operation  are  corrected  and  the  process  Is  repeated.  Modularity  In  the  softwar- 
reduces  the  Impact  of  repeated  analysis  end  testing  by  limiting  the  amount  of  software  affected  by  any 
change. 

When  testing  Is  completed  and  production  of  the  control  unit  begins,  an  Important  characteristic  of 
a  microprocessor  system  becomes  evident.  With  the  exception  of  the  programming  of  the  EPROMs  and  the 
assembly  of  the  m  lero  processor  circuit,  all  costs  of  software- Incorporated  functions  are  nonrecurring.  A 
comparable  discrete  logic  control  unit  will  continue  to  have  the  recurring  costs  associated  with 
assembly.  As  the  complexity  of  the  control  unit  and  the  number  of  units  produced  Increase,  the 
nonrecurring  cost  Impact  ot  software  development  Is  reduced. 

F.  Maintenance 

Maintenance  of  tho  design,  as  defined  here,  pertains  to  control  unit  modlflcaton  and  configuration 
control.  Experience  has  shown  that  even  the  most  thought  out  systems  are  prone  to  change  In  the  Ilf  of 
the  program.  This  Is  especially  true  In  the  aviation  Industry  following  delivery  of  the  aircraft  t'  the 
customer.  Product  Improvements  and  design  changes  can  have  Impact  on  hardware,  software,  or  both.  It  Is 
advantageous  to  Incorporate  any  changes  In  software  whenever  possible.  From  a  hardware  perspective, 
software  changes  affect  only  the  EPROMs.  This  reduces  the  Impact  on  printed  wiring  board  layout,  parts 
selection,  assembly,  and  testing  associated  with  hardware  changes.  From  the  customer’s  point  of  view, 
the  effect  on  spare  ports  procurement  and  down  time  required  for  modification  are  minimized.  Changes 
Implemented  In  software  are  further  facilitated  by  techniques  such  as  the  use  of  easily  removable  EPROM 
board  subassemblies  thn  I  permit  erasing  and  reprogramming  of  the  EPROMs  without  component  removal. 
Configuration  control  In  a  software  Implemented  change  Is  accomplished  through  written  descrlpflons 
detailing  differences  between  configurations.  Impact  to  Illustrated  parts  lists  and  schematic  are 
minimal . 

III.  THE  MICROPROCESSOR  ADVANTAGE 

The  decision  to  Implement  microprocessor  systems  In  EPGS 
design  Is  ;>ased  on  two  major  advantages: 

1.  Complex  Logic  and  Timing  Capabilities 

2.  Flexlbll Ity 

These  advantages  are  manifested  In  features  found  in  existing  EPGS  systems.  The  three  most 
significant  features  are  built  In  test,  complex  control  and  projection  schemes,  and  design  flexlh  1 1  ty. 

A.  Built-In  Test 

A  major  advantage  of  the  m Uniprocessor  based  controls  Is  the  Incorporation  of  built-in  lest  (BIT) 
functions  that  significantly  Impact  aircraft  electrical  system  maintenance  by  reducing  checkout  and 
troubleshooting  time.  These  functions  are  Implemented  on  a  level  of  complexity  that  would  not  be 
feasible  with  discrete  logic.  This  level  of  complexity  results  In  fault  Isolation  accuracy  calculated  at 
95  %, 

The  Intended  pt  pose  of  BIT  In  ttie  EPGS  Is  to  detec  both  active  and  passive  failures  In  the  major 
system  devices  and  In  the  Intern*)  circuits  of  the  control  units.  Intermittent  faults  are  also 
detected.  Results  of  the  failure  Isolation  are  displayed  In  codes  and  messages  that  reduce  the  amount 
of  maintenance  troubl nshootl ng.  finally,  BIT  maintains  rn  aloofness  with  respect  to  control  end 
protection  functions. 

HIT’S  operational  wode  Is  designed  to  Isolate  active  and  intermittent  faults  In  the  systmn.  1+  Is 
composed  of  a  collection  of  routines  that  are  either  event-driven  periodic.  Those  event-driven 
routines  are  called  In  response  to  a  change  such  as  a  breaker  trip  r  a  comand  to  close  a  breaker. 

Other  operational  BIT  routines  are  called  periodically  to  monitor  .  »  status  of  system  functions. 


Following  a  protective  action,  an  operational  BIT  routine  Is  called  to  determine  the  cause  of  the 
action.  The  routine  first  Identifies  the  specific  cause  of  the  action.  It  then  exercises  the  control 
unit's  corresponding  protective  circuit  to  verify  proper  operation.  If  the  circuit  responds,  then  the 
protective  action  Is  stored  In  nonvolatile  memory.  In  some  circumstances,  enough  additional  Information 
Is  available  to  Identify  another  ERGS  component  as  the  source  of  the  fault.  That  1 1. formation  will  also 
be  stored.  f  the  circuit  did  not  respond,  the  protective  action  Is  stored  In  memory  with  a  failure  code 
Identifying  .he  circuit  fault.  Figure  4  Is  a  generalized  flow  chert  depicting  a  typical  Isolation 
procedure. 

The  other  operational  BIT  functions  are  the  status  monitor  routines  that  are  called  periodically. 
Each  routine  monitors  an  EPGS  function  such  as  a  control  switch  or  breaker  and  compares  t+s  status  to 
Information  from  other  software  routines  and  other  control  units.  Any  disagreements  are  resolved  by 
exercising  the  circuit  In  question.  If  It  responds,  the  system  funcllon  discrepancy  Is  Identified  and 
stored  In  nonvolatile  memory.  If  It  does  not  respond,  the  sensing  circuit  Is  Identified  as  the  failure. 
Figure  5  Is  an  example  of  this  typo  of  routine. 


Figure  4  Operational  BIT  Figure  5  Operational  BIT 

Function  Responding  to  e  Protective  Trip  Function  Routinely  Monitoring  Switch  Statue 

Maintenance  BIT  routines  are  performed  automatically  or  on  request.  Both  modes  test  control  unit 
sensing  circuits  to  tetect  passive  faults  not  otherwise  detected  because  cf  aircraft  operating 
configuration.  In  general,  maintenance  BIT  serves  os  a  confidence  check  and  Is  1,;>lcal|y  performed 
following  an  EPGS  maintenance  action.  It  may  also  be  requested  as  part  of  a  scheduled  EPGS  check. 

The  nonvolatile  memory  Is  the  storage  area  *or  all  feelt  massages.  Unlike  earlier  BIT  systems  that 
rely  on  crow  response  to  Indicator  lamps,  nonvolatile  memory  allows  for  detection  and  storage  of  fault 
Information  until  It  Is  convenient  or  desirable  for  BIT  Interrogation  to  be  performed.  Because  the 
memory  Is  partitioned  by  flight,  an  Intermittent  fault  can  be  Identified  along  with  the  time  of 
occurence.  In  existing  systems,  the  BIT  Information  from  the  current  flight  and  up  to  seven  previous 
flights  can  be  reviewed  during  !  ntoi  rog«j  Mon.  Anolhur  featuro  uf  noi-  olat  I !  o  memory  \r.  Jtio  reset 
command.  Following  a  maintenance  action,  li  Is  desirable  to  clear  the  memory  prior  to  performing  a 
confidence  check.  me  reset  command  makes  all  previous  stor-d  Information  Inaccessible. 


Interrogation  of  BIT  Is  performed  by  pressing  pushbuttons  either  on  the  front  panel  of  the  BPCU 
(GPCU)  or  on  a  remote  panel.  A  24  character  display,  also  on  the  panel,  lists  BIT  Information  as  shown 
In  the  following  .jaquepce: 

EXTERNAL  POWER  SYSTEM  IDENTIFICATION 

BPCU  or  EXTERNAL  POWER  FAULTS  (or  OK) 

LEFT  GEN  POWER  SYSTEM  IDENTIFICATION 

LEFT  GCU  or  GENERATOR  FAULTS  (or  OK) 

RIGHT  GEN  POWER  SYSTEM  IDENTIFICATION 

RIGHT  GCU  or  GENERATOR  FAULTS  (or  OK) 

APU  GEN  POWER  SYSTEM  IDENTIFICATION 

APU  GCU  or  AUXILIARY  GENERATOR  FAULTS  (or  OK) 

FLIGHT  IDENTIFICATION 

PROMPT  FOR  PREVIOUS  DATA  REQUEST 

The  display  first  lists  the  channel  being  Interrogated  followed  by  a  fault  message  (If  any) 
Identifying  the  event  and/or  failure.  If  the  fault  Is  In  a  control  unit,  the  unit  will  be  Identified  and 

then  a  code  will  Identify  the  functional  circuit  that  failed.  For  example: 

EXTERNAL  POWER  SYSTEM 

TIE  BUS  DP  TRIP 

BPCU  FAILED  CODE  60 

In  this  Instance,  a  tie  bu*  differential  protection  (feeder  fault)  trip  of  the  external  power 
contactor  has  occured.  The  trip  Is  due  to  a  failure  In  the  BPCU  differential  current  sensing  circuit. 

The  channel,  event,  and  cause  have  been  Identified.  Replacement  of  the  BPCU  will  allow  thm  aircraft  to 
return  to  service.  Furthermore,  when  the  BPCU  reaches  the  repair  facility,  the  technician  will  be  able 
to  Immediately  go  to  the  differential  current  sensing  circuit  and  begin  troubleshooting  there. 

BIT  1 5  mandated  to  perform  all  of  the  above  functions  without  Interfering  with  the  control  and 
protection  functions  of  the  control  unit.  This  Is  accomplished  In  the  following  manner.  The  BIT 

routine  will  monitor  the  circuit  by  reading  data  from  control  and  protection  RAM  locations.  If  a  fault 

condition  Is  sensed,  the  routine  will  exercise  the  circuit  and  make  the  fault  tsolaflon.  No  tests 
Initiated  by  BIT  will  result  In  any  protective  octlon.  A  BIT  routine  will  In  no  way  Interfere  with  the 
contents  of  control  and  protection  RAM.  If  temporary  storage  of  data  Is  required,  separate  RAM 

locations  for  BIT  have  been  designated.  Reading  from  or  writing  to  the  nonvolatile  memory,  BIT 
Interrogation,  and  BIT  display  operate  independent  of  all  control  and  protection  functions.  Finally, 
any  software  related  fault  In  the  microprocessor  circuit  will  Initially  result  In  the  bypass  of  all  BIT 
routines.  In  this  way.  If  the  fault  Is  located  In  a  BIT  module  or  circuit,  the  primary  functions  of 
control  and  protection  can  continue  to  be  performed, 

3.  Complex  Control  and  Protection  Schemes 

In  tli o  system  requirement  .>nalysls.  It  was  determined  that  automation  and  weight  reduction  were  to 
be  major  design  consl derations.  To  meet  those  needs,  these  advanced  systems  removed  a  significant  amount 
of  control  switches  and  hardwired  relay  logic  found  In  older  systems.  The  relatively  simple  logic  of 
switches  and  relays  was  replaced  by  complex  logic  expressions  demanded  by  automated  operation.  The 
fol  low  I  ng  examp  I  e  shows  the  advantage  of  microprocessor-based  controls  In  the  design  of  complex  systoms. 
Figure  6  Illustrates  this  example. 

First  assune  that  both  the  discrete  and  microprocessor  versions  have  M  Inputs  and  N  outputs.  Al I 
Inputs  and  outputs  ore  Independent  so  the  discrete  version  will  require  N  logic  processing  circuits  to 
produce  N  outputs.  The  microprocessor  version  has  one  logic  processing  circuit  with  the  number  of 
peripheral  devices  determined  by  the  numuei  of  inputs  and  outputs.  However,  because  of  multiplexing,  the 
pei  Ipheral  nimber  Is  not  proportional. 

The  size  (component  count)  In  the  discrete  version’s  logic  processing  circuit  will  be  proportional  to 
the  complexity  of  the  control  function.  The  memory  requirements  (RAM  and  ROM)  of  the  microprocessor 
version  Increa-  i  with  complexity  but  the  memory  devices  con  hold  many  control  functions.  The  rest  of  the 
logic  processing  circuit  remains  the  same. 

Each  discrete  vorslon  control  function  with  timing  considerations  requires  a  separate  timing 
circuit.  For  most  timing  functions  In  the  ml  coprocessor  version,  software  loops  are  adequate. 

Likewise,  the  discrete  design  relies  on  hardware  to  establish  setpoints.  Accuracy  Is  dependent  on  the 
nvnllnh  11  Ity  of  dor.  I  rod  component  vjluuu,  Jiiu  prwv.li.luii  of  ihose  values,  and  the  component's 
environmental  stability.  A  software  setpoint  can  be  adapted  to  o  range  of  scaling  factors.  In  addition, 
software  limits  can  be  tailored  to  take  Into  account  circuit  variations  due  to  component  tolerances  and 
stab  1 1 I ty. 

In  n  slruple  system  with  few  -ontrol  functions,  the  discrete  version  has  the  definite  advantage.  The 
microprocessor  version  Is  saddled  with  the  mlnlmur  part  count  overhead  of  the  microprocessor  cl-  -ult 
(outlined  In  the  Detailed  System  Design).  But,  os  the  number  of  Inputs,  output:,  and  variable:.  In 
control  functions  Increases,  tho  microprocessor  version  has  the  advantage. 
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Figure  B  Dlecrwt*  v*.  Mlcroproceeeoc  Complexity  Comp* rl eon 


C.  Flexibility 

As  discussed  In  Design  Maintenance,  changes  con  occur  «-er  the  life  of  a  system.  Loosely 
Interpreted,  the  Impact  of  change  on  a  design  Is  proportions  ho  the  design's  Inherent  flexibility.  The 
Implementation  of  microprocessors  Improves  flexibility  and  11ms  reduces  Ihe  Impact  of  change  on  the 
design.  The  following  example  Illustrates  this  advantage. 

A  Boolean  expression  representing  a  control  function  Is  Implemented  In  a  discrete  design  os  a 
combination  of  logic  gate  devices  Interconnected  by  wires  and  printed  wiring  board  traces.  Any  change  to 
the  expression  results  In  a  port  and/or  printed  wiring  board  change.  If  the  change  Involves  the  addition 
of  functions,  space  limitations  may  prohibit  Its  Implementation.  The  change  could  only  be  Incorporated 
as  part  of  a  total  repackaging.  If,  on  the  other  hand,  the  expression  Is  Implemented  In  software  logic, 
a  change  in  the  expression  could  be  accomplished  by  reprogramming.  The  addition  of  functions  will  only 
result  In  memory  Increases  as  long  as  no  additional  Inputs  or  outputs  are  needed.  The  Impact  of  changes 
Is  further  reduced  by  providing  adequate  memory  margins  in  the  original  design.  Typically,  the  systems 
used  hero  as  examples  were  designed  with  margins  of  greeter  than  ten  percent.  Another  advantage  Is 
provided  by  technological  advances.  Ne-t  memory  devices  with  twice  the  capacity  and  pin  compatibility  are 
now  available.  In  a  recent  product  Improvement  of  the  757/757  BPCU,  the  existing  2  KByte  devices  were 
replaced  with  pin  compatible  4  kByt«  devices.  The  result  was  a  doubling  of  momory  (and  logic)  capacity 
with  no  increase  In  part  count  or  printed  wiring  board  redesign. 

A  major  portion  of  the  design  effort  for  control,  protection,  and  BIT  functions  Is  the  establishment 
of  analog  signal  set  points  and  time  delays.  It  has  already  been  noted  that  the  microprocessor-based 
control  unit  set  points  and  time  delays  are  no»  hardware  dependent.  This  permits  a  wide  degree  of 
variability  without  parts  changes.  For  Instance,  In  an  eight  bit  microprocessor  system,  an  analog 
signal  setpoint  can  assume  one  of  10?4  proportional  values  (as*->«nlng  a  10  bit  A/D  converter).  Time 
delays  con  vary  from  a. 4  microseconds  to  Infinity. 

The  BIT  display  lc  another  control  unit  function  where  the  flexibility  advantage  Is  evident.  BIT 
messages  con  easily  be  altered  In  response  to  EPGS  functional  changes  or  to  Improve  operator 
understanding.  This  Is  an  obvious  Improvement  over  tt.«  Inflexible  pilot  light  fault  Isolation  found  In 
older  systems. 


17-9 


IV.  FUTURE  DEVELOPMENTS 

As  the  applications  for  microprocessor-based  controllers  expand,  requirements  are  emerging  for 
Increas'  d  data  processing  rates,  reduced  costs,  and  minimal  port  counts.  Data  processing  rate  Increases 
may  be  .iccompl  1  shed  by  enhancing  the  capabilities  of  Individual  processors  or  by  utilizing  multiple 
processors  executing  In  parallel.  With  the  principle  cost  of  employing  microprocessor-based  control 
attributed  to  the  generation,  verification,  and  documentation  of  software,  cost  reductions  are  expected 
to  result  from  the  use  of  high  level  languages  and  the  building  of  libraries  of  reusable  software  modules 
which  can  be  used  for  several  applications.  As  technological  advances  enable  Increased  levels  of 
functional  Integration  on  a  single  chip,  the  functions  of  many  processor  support  chips  are  being 
Incorporated  Into  the  processor  chip,  thereby  eliminating  the  need  for  these  devices  and  reducing  system 
ports  count. 

A.  Ml  coprocessor  Hardware 

Since  the  time  that  microprocessors  wero  first  applied  to  aircraft  electrical  power  systems,  several 
generations  of  microprocessors  have  come  Into  the  market  place  with  significantly  enhanced 
copabl I Itles, 

Preliminarily  designated  for  Incorporation  In  a  system  currently  under  development,  the  first  of 
these  new  generations  of  microprocessors  Includes  members  such  as  the  Intel  8086,  the  2  I  log  Z8OQ0,  the 
Motorola  68000,  and  others.  Characteristics  of  these  devices  Include  16  or  32  bit  Internal  data 
processing  structures  and  16  bit  data  busses.  These  features  Increase  accuracy  and  speed  by  reducing  the 
number  of  bus  transfers  per  Instruction  and  reducing  the  time  required  for  16-blt  arithmetic.  Directly 
accessible  address  spaces  range  from  1  to  16  megabytes  (6  bits  per  byte).  They  have  clock  frequencies 
approaching  and  exceeding  10  MHz  and  this  speed  advantage  Is  enhanced  by  hardware  multiply  and  divide 
features,  data  string  handling  Instructions,  and  pipelining  to  fetch  Instructions  asynchronously  and  In 
advance  of  their  execution.  An  8086-based  central  processing  unit.  Including  processor,  clock  generator, 
bus  controller,  address  and  data  latches,  EPROM,  RAM,  Interrupt  controller,  chip  select  logic,  and 
watchdog  timer,  which  has  been  developed,  tested,  and  proven  functional.  Is  Illustrated  In  Figure  7 
(5, 6, 7,0). 


Figure  7  Microprocessor  Boerd 

The  criteria  discussed  earlier  (Section  I l-C)  were  applied  when  selecting  the  Intel  8086  16-blt 
microprocessor.  The  overriding  concerns  at  the  time  of  selection  were  the  desire  for  16-blt  performance, 
the  availability  of  hardware  which  meets  military  specifications,  and  the  existence  of  support  systems 
I n-house. 

Evolutionary  extensions  of  this  generation  of  16-blt  microprocessors  are  emerging.  Intel's  80186 
represents  one  such  extension.  Based  on  an  enhanced  version  o?  ths  16-b!t  0086,  +h*  80186  I  ncorpoc*t*«;  a 
clock  generator,  2-chonnel  direct  memory  access.  Interrupt  controller,  three  16-blt  timers,  memory,  and 
peripheral  chlp-seloet  logic  and  walt-stato  generator  on  a  single  chip.  Depending  on  the  system 
oppl  Ica+lon,  replacing  the  8086  and  Its  associated  support  chips  with  the  80186  could  decrease  ttie  parts 
ount  by  as  many  as  7  IC’s  and  reduce  fhe  size  of  the  board  Illustrated  In  Figure  7  by  approximately  one- 
fourth.  Achieving  system  parts  reducllon  as  well  as  faster  data  manipulation  capah 1 1  1 1 1 ei,  this  cevlcc 
exhibits  potential  for  Inclusion  In  futuru  aircraft  generator  control  systems.  (9) 

As  the  capabilities  of  these  new  microprocessors  expand,  the  demand  for  more  progreen  and  data 
storage  space  Increase  accordingly.  To  accommodate  these  demands  without  yielding  a  significant  purls 
count  Increase,  memories  are  becoming  more  dense.  Erasable  programmable  read-only  memories,  which 
generally  store  program  code  and  constant  data,  are  currently  available  with  128  kl  I  oblt/chlp 
capacities.  This  represents  eight  times  the  density  of  the  devices  used  In  curront  systems.  Ser  ich-pad 
memories.  In  the  form  of  static  random  access  memories,  can  provide  8  kilobits  ot  storage  area  pei  chip. 
(10,11) 

16-blt  microcontrollers  also  have  application  In  electric  power  system  controls.  Tentatively 
scheduled  to  become  available  In  1983,  Intel's  8096  characterizes  this  generation  of  mlcrocontrol  lef s  In 
terms  of  speed  and  functional  Integration  on  n  single  chip.  On-board  features  Include  a  16-blt 
processor,  RAM,  ROM,  analog-digital  converter,  universal  asynchronous  receiver/ transmit  tor ,  priority 
Interrupt  control  lor.  pul  so--w I dth-modu luted  output,  software  timers,  1  nput /output  ports,  n  watchdog 
timer,  and  high-speed  pulsed  Inpul/output.  T'l+h  this  level  of  Integration,  the  0096  could  effectively 
replace  12  chips  of  n  typical  8086-based  system,  which  would  reduce  the  size  of  the  hoard  Illustrated  In 
FI  guru  7  by  one  third.  (9) 
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In  addition  to  developing  faster  processors  with  higher  levels  of  functional  Integration,  device 
manufacturers  are  beginning  to  address  the  Issues  of  reducing  power  consumption  and  meeting  military 
radiation  hardening  requirements.  Power  so  lugs  from  500$  to  1000$  are  being  achieved  by  applying  CMOS 
technology  fo  microprocessor  development  In  place  of  the  original  NM0S  and  bipolar  technologies. 

American  Microsystems  S99C91  CMOS  16-bit  ml  roprocessor  and  Harris'  CMOS  version  of  the  8066  are 
scheduled  to  be  Introduced  In  1983  (12). 

As  the  scope  of  military  applications  tor  microprocessor  -  based  controllers  expands,  radiation 
resistance  will  be  a  requirement.  The  CMOS  and  HM0S  technologies  used  In  16-bit  processors  are  more 
resistant  than  the  NM0S  technology  used  in  their  8-blt  predecessors.  This  may  extend  their  applicability 
to  manned  military  aircraft.  Other  microprocessor  families  are  also  available  based  on  technologies 
which  can  survive  In  environments  much  harsher  than  those  present  In  manned  systems.  The  microprocessors 
Include  the  Tl  SBRJ90Q,  the  Fairchild  9445,  and  so  forth,  using  b]-polar,  |2l,  and  CM0S-S0S 
technologies.  (13) 

B.  Software 

The  use  of  microprocessors  to  execute  electric  power  generation  control  functions  allows  the 
Implementation  of  more  complex  controls  without  Increasing  the  hardware  design  effort.  On  the  other 
hand,  the  development  of  control  software  has  become  a  mojor  undertaking.  Several  Improvements  In 
software  design  methods  have  been  used  In  existing  systems.  These  Improvements  Include  the 
Implementation  of  hierarchical  design  techniques  and  formalized  verification,  validation,  and 
configuration  control  techniques.  Two  more  techniques,  effective  In  reducing  software  costs,  are  the  use 
of  existing  software  modules  as  "building  blocks"  In  the  nstruc+lon  of  subsequent  systems  and  the  use 
of  high-level  languages.  (8) 

The  building  block  technique  reduces  the  amount  of  software  which  must  be  developed,  verified,  and 
documented  when  creating  a  new  system.  For  Instance,  60-70  percent  of  the  software  modules  for  the  767 
generator  control  unit  are  applicable  for  use  In  a  developmental  737  GCD. 

Existing  systems  have  been  Implemented  using  assembly  language  which  has  advantages  In  that  It  can 
be  used  to  generate  modules  which  have  been  manually  optimized  to  be  efficient  In  the  use  of  processing 
time  and  computer  memory.  These  advantages  are  becoming  less  critical  now  that  processor  speed  and 
memory  density  have  been  Increased. 

The  use  of  high-level  languages  also  has  several  advantages.  A  typical  high-level  language 
Instruction  may  replace  5  to  10  assembly  language  Instructions.  This,  coupled  with  the  fact  that 
high-level  language  programs  ore  more  readable,  results  In  Increased  progrmmer  productivity  os  wol  I  ar. 
reduced  debugging,  maintenance,  and  documentation  efforts.  (8) 

In  the  development  of  an  experimental  microprocessor  hosed  voltage  regulator  for  o  wound  field 
synchronous  generator,  the  high-level  language,  R  M-flh,  w«»s  utilized.  It  was  found  that  the  time 
required  to  generate  the  software  was  greatly  rmlutod.  Ihe  time  required  to  code  and  debug  the  ai  iorlthm 
was  estimated  to  be  reduced  by  4  to  1 .  However,  It  was  also  found  that  the  output  of  the  language’s 
compiler  was  Insufficiently  optimized  for  high  speed  execution  and  some  of  the  processor's  (Intel  B0BG) 
advanced  features  such  as  hardware  multiply  and  divide  were  not  adequately  utilized.  As  a  result  of 
this,  portions  of  the  regulation  algorithm  were  eventually  re-wrltten  In  assembly  language. 

The  present  strategy  being  used  In  the  development  of  experimental  generator  control  unit  software 
Is  that  a  high-level  language  will  be  used  for  all  nor,  tlme-crltlcel  functions  and  that  critical 
functions  requiring  high-speed  execution  will  be  Implemented  In  assembly  language  routines  embedded  In 
the  main  program. 

It  has  also  been  found  useful  to  Initially  code,  compile,  and  debug  even  high  speed  modules  In  fire 
high-level  language  and  then  re-wrlte  them  In  assembly  language  based  on  the  high-level  languege  compiler 
output.  The  re-wrltlng  process  allows  manual  optimization  where  necessary.  This  approach  speeds  the 
Initial  sieges  of  the  coding  and  debugging  process.  The  hlgh-l-  -el  code  serves  as  a  "pseudo-code"  for 
documentation  purposes  after  the  transition  to  assembly- 1 anguaye  ha",  been  made,  and  the  structure  of  the 
high-level  language  tends  to  he  forced  on  the  final  assembly  langu  je  routine  resulting  In  a  higher 
qualify  product. 

The  high-level  language  select Ion  tor  the  experimental  system  was  dictated  by  availability  at  tho 
time  of  selection.  At  present  other  languages  such  ns  r'.  and  Pascal  might  also  be  considered.  These 
might  have  advantage  In  that  they  may  be  more  portable  across  various  microprocessor  families.  Two 
considerations  appear  to  be  overriding  In  language  selection.  The  first  of  these  (s  the  requirement  for 
operating  In  a  high-speed  real  time  environment.  The  other  Is  the  requirement  to  operate  with  existing 
support  and  development  systems. 

In  addition,  the  high-level  language,  ADA,  Is  expected  to  he  mandated  for  use  on  military  projects. 
It  Is  also  expected  to  be  a  more  desirable  choice  than  existing  languages  for  performance  reasons. 
Compilers  and  support  environments  are  os  yet  not  readily  available,  but  ADA's  presence  on  the  horizon 
tends  to  I  Irnlf  coma!  liTisnts  to  other  languages  at  this  time. 

V.  FUTURE  APR  I  CAT  IONS 

Increased  microprocessor  capabilities  and  In reased  language  capabilities  make  possible  the 
implementation  ol  several  new  features  In  aircraft  electric  power  controls  such  as  closed-loop  digital 
control  of  vol laye  regulation,  generator  speed  control,  paralleling,  and  expanded  bul I t- In-ies f  and  fault 
tolerance;  digital  data  sensing  and  communl cations;  and  others.  Imp! emen  1 1 ng  closed-loop  control 
functions  In  software  provides  several  advantages.  Complex  control  algorithms  which  irmy  Include  non¬ 
linear  or  adaptive  functions  may  be  added  without  corresponding  Increases  In  part  counts.  It  Is  possible 
to  pass  Information  between  Interacting  loops.  Component  tolerances  and  drift  don't  affect  perform  ucu. 
Accuracy  and  reliability  ore  high.  Finally,  11  is  possible  to  modify  control  functions  and  parameters 
during  development,  without  changing  hardware  design.  (6,14) 
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A.  Implementation  Exanples 

One  application  for  m Icroprocessor  control  In  an  aircraft  electric  power  generating  system  Is 
voltage  regulation.  Figure  0  Is  a  block  diagram  which  functionally  describes  a  simple  voltage  regulation 
Implementation.  The  voltage  at  the  point  of  regulation  (POR)  Is  sensed  and  compared  against  a  reference 
voltage  to  produce  a  voltage  error.  To  Improve  transient  response  and  minimize  steady-state  error,  this 
error  signal  Is  subjected  to  constant  gain  compensation  and  on  Integrator  with  gain  for  lead 
compensation.  The  Integration  Is  accomplished  In  software  by  summing  the  current  voltage  error  with  the 
error  from  the  previous  sample  and  applying  a  constant  gain  to  the  result.  If  the  resulting  current 
command  exceeds  pre-datermlned  limits,  It  Is  forced  to  either  Its  maximum  or  minimum  (zero)  values  as  Is 
appropriate.  It  Is  then  passed  to  an  amplifier  with  a  current  control  loop  Implemented  In  hardware  to 
control  the  exciter  field  current. 


POR 

VOl  TAGE 
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CURRFNT 
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Figure  0  Voltage  Regulation  Implementation 


Figure  9  Is  a  flew  chart  showing  how  the  control  algorithm  may  be  Implemented  In  software.  Based  on 
preliminary  simulation  testing,  this  algorithm  was  found  to  execute  In  approximately  700  microseconds  on 
i  5Hlz  Intel  8066.  To  achieve  high  quality  voltage  regulation,  an  update  rate  of  1600  microseconds  Is 
i  squired.  Thus,  It  Is  feasible  to  Implement  this  control  function  In  software  w  I  th  60^  of  available 
procefsor  time  free  for  the  execution  of  other  functions.  Should  the  system  control  requirements  expand, 
employing  a  faster  processor  could  significantly  reduce  execution  time. 
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Figure  9  Vofeege  Regulator  Flow  Chert 
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Preliminary  closed-loop  voltage  regulator  tests  have  been  run  on  a  test  system  to  verify  the 
operation  of  this  control  algorithm.  The  result-  presently  available  do  approach  the  desired 
steady  state  and  transient  responses.  Further  development  Is  required.  With  a  microprocessor-based 
controller,  modifications  are  generally  simple,  hewever,  Involving  software  changes  with  I  It  lie  or  no 
Impact  on  hardware  design. 

In  addition  to  digital  control  of  the  genet  .tor  output  voltage,  a  microprocessor  can  also  control 
generator  output  trequertcy  by  trim  head  bias  of  the  f  lybal  I  governor  or  with  a  servo  valve  to  control  the 
constant  speed  drive  between  the  engine  and  the  generator.  The  advantages  of  this  control  means  over  the 
standard  mechanical  governor  include  fine  frequency  control,  minimum  frequency  transients,  and  a 
reduction  In  moving  parts. 

With  the  availability  of  both  voltage  and  speed  control  within  the  microprocessor,  phase- locked 
paralleling  of  multiple  generators  can  be  Implemented.  Real  and  reactive  load  division  error  signals  can 
be  used  as  Inputs  to  the  control  loops  to  balance  loads  between  generators.  This  can  all  be  accomplished 
with  few  additional  parts. 

While  the  potential  for  implementing  a  microprocessor-based  control ler  Is  evident,  a  microprocessor 
system  can  also  handle  the  hullt-ln  test  feature  of  electric  power  generating  systems.  The  advantages  of 
this  type  of  Implementation  have  been  proven  In  the  field  by  reduced  maintenance  time  and  the  generation 
of  records  of  system  performance.  Enhancements  In  this  area  still  have  po+entlal  lor  continued  reduction 
In  mean-tlme-to-ropal r,  unnecessary  line  replacement  units  (LRUs),  and  life-cycle  costs. 

Enhancements  which  may  be  considered,  and  which  are  madn  possible  by  the  Increasing  capabilities  of 
microprocessors  and  digital  memories.  Include  the  following. 

Additional  sensing  elements  and  more  sop;  I  stlcated  logic  can  Improve  fault  Isolation  capabl  I  Hies. 

Additional  memory  and  more  capable  display  devices  can  Improve  communications  with  maintenance 
crewmen.  Messages  can  bo  more  specific  and  readable  and  more  Information  can  be  provided.  It  may  be 
possible  to  provide  "exp  r+M  systems  which  not  only  record  and  Isolate  faults,  but  which  direct  crewmen 
through  further  troubleshooting  procedures  when  complete  isolation  Is  not  Immediately  possible.  These 
systems  can  also  provide  the  operator  with  Information  such  as  LI\U  Installation  and  removal  procedures. 

A  means  of  Impl ament ing  such  an  "expert”  system  could  possibly  be  through  a  test  box  available  at 
ground  locations  which  would  have  a  high-quality  graphics  display  and  which  Interfaces  to  BIT  hardware 
and  software  within  the  flight  equipment. 

The  availability  of  serial  Interface  equipment  such  as  the  Arlnc  429  MIL  STD  1553  type 
rommunl  cation*-  bus  allows  built  In  test  Information  to  be  passed  to  central  aircraft  health  monitoring 
equipment.  Other  Interface  equipment  could  be  present  at  ground  stations  to  pass  Information  to 
reliability  monitoring  computers  at  tome  central  location.  Here  It  could  be  processed  to  compile 
reliability  data  or  to  scan  for  repeated  fault  conditions  throughout  a  fleet  of  aircraft  and  to  flag 
these  occurrences  for  special  attention  and  corrective  action. 

In  sun/nary,  the  Implementation  of  electrical  power  generating  system  control  functions  In  software 
with  microprocessors  will  provide  to>  sophisticated  and  precise  control  and  built  In  test  capabilities. 
The  hardware  architecture  of  such  a  controller  will  depend  on  the  quantity  and  complexity  of  system 
roqul  rements. 

D.  Sample  System  Architecture 

Figure  10  Illustrates  the  architecture  of  a  microprocessor-based  generator  control  unit  (GCU) 
currently  under  development,  which  can  be  Incorporated  In  a  parallel.  Integrated  drive  generating 
system.  Control  and  protection  functions  are  spilt  between  two  Independent  processing  systems.  The 
control  processor  n-.sumes  responsibility  for  voltage  regulation,  generator  spoed  control,  and  the 
coordination  of  generator  paralleling,  while  the  protection  processor  nxecu+es  the  protective  and  built- 
in  test  functions,  Ea<-h  processing  system  Is  comprised  of  Independent  input  end  output  signal 
conditioning,  local  program  and  scratch-pad  memory,  and  a  watchdog  tlmoi  to  verify  sequential  and 
uninterrupted  pi  cjyram  code  execution.  Hardware  Is  Included  to  accommodate  parallel  Interprocessor 
communications. 


Figure  IQ  GCII  Architect  r«  With  Two  independent  Microprocessor  System* 
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This  approach  has  several  advantages.  Dedicating  each  processor  to  a  limited  number  of  specific 
tasks  with  related  update  rates  simplifies  hardware  and  software  requirements,  thereby  tending  to 
minimize  parts  count  and  software  development  time.  Furthermore,  with  each  Independent  processing  system 
monitoring  the  status  of  the  other,  no  single  failure  In  either  system  should  exist  undetected. 

Though  seemingly  Inappropriate  for  feme  current  generation  aircraft  electric  power  generating 
systems,  several  al  ternate  microprocessor-based  GCU  arch  I  textures  appear  viable  for  systems  with  varying 
requl  rements. 

A  minimum  parts  count  can  obviously  be  achieved  Dy  employing  a  single  microprocessor  system  to 
execute  both  control  and  protection  functions.  The  trade-off  for  the  parts  reduction  Is  a  reduction  In 
throughput  capacity,  however.  As  a  result,  the  feasibility  of  this  approach  depends  on  the  complexity  of 
system  requtreerents  and  the  speed  of  available  processors. 

The  expansion  of  the  throughput  capacity  of  a  GCU  beyond  the  level  attainable  with  a  dual  processor 
split  protection  and  control  scheme  can  be  accomplished  with  a  distributed  processing  scheme.  One 
Implementation  of  distributed  processing,  featuring  a  front  end  processor  which  performs  all  I/O 
Interface  processing  and  functions  ’s  a  task  master  to  dlvldo  tasks  between  the  general  data  processors. 
Is  Illustrated  In  Figure  11. 


Figure  1 1  QCU  Architecture  Implementing  Distributed  Processing  With  Front  End  Processor 

With  multiple  slave  processors  capable  of  performing  any  date  manipulation  task,  this  architecture 
has  several  odvt  itoges.  The  throughput  of  the  system  can  be  expanded  by  the  simple  addition  of  a  general 
data  processor  and  Its  associated  support  chips.  Furthermore,  In  the  event  that  a  general  data  processor 
falls,  the  other  slave  processors  ran  assume  Its  responsibilities  with  a  reduction  In  the  update  rate  as 
roqul  rod. 


nr*n*wuces*o*  data  flow 


Figure  12  QCU  Architecture  implementing  DtetrttMrted  Processing  WHh  Software  Supervisor 

Despite  this  Improvement  In  fault  tolerance,  system  functioning  Is  ultimately  dependent  on  the 
status  of  the  front-end  processor.  Relying  only  on  self-testing  for  failure  detection  w I thl n  fhe  front- 
end  processing  system,  there  Is  no  guarantee  of  single  failure  detection.  Moreover,  In  the  event  that  a 
fell  ore  Is  de  tec  led,  system  architecture  does  not  Include  a  replacement  system  to  assuse 
respoi.stbl  l  Itles. 
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These  weaknesses  In  fault  tolerance  end  detection  ere  overcome  by  the  distributed  processing  scheme 
Illustrated  In  Figure  12.  In  this  architectural  configuration  there  Is  no  supervisory  hardware  module  to 
fall.  The  role  of  supervisor  exists  in  software  resident  In  all  processors.  Redundancy  Is  achieved  by 
assigning  all  tasks  to  at  least  three  proc«  .sors  and  comparing  the  results  with  hardware  voting  logic. 

In  the  event  of  a  processor  failure,  the  supervisory  software  reassigns  the  responsibilities  of  the 
failed  processor  to  the  other  remaining  processors.  This  allows  continued  operation  until  ttiB  number  of 
failed  units  precludes  reconfiguration  or  until  the  remaining  units  are  so  overworked  that  throughput  Is 
degraded  to  an  unacceptable  level.  (15) 

Thu  trade-off  for  the  Increase  In  throughput  capacity,  expandability,  and  fault  tolerance  achieved 
by  distributed  processing  Is  a  substantial  Increase  In  parts.  Thus,  the  data  processing  demands  and 
fault  tolerance  requirements  must  be  substantially  stringent  to  Justify  employing  this  scheme. 


SUMMARY 

Microprocessors  are  proving  themselves  In  ;•  /era I  advanced  electrical  power  generating  system 
control  applications.  Their  success  In  handlin'  -nplex  EPGS  requirements  add  credibility  to  the 
decision  to  select  microprocessors  over  dlscreti  >glc. 

To  Impl  ement  ml  coprocessors  In  a  control  unit  design,  a  structured  design  approach  Is  used.  This 
approach  divides  the  effort  Into  the  following  major  steps:  requirements  analysis,  specification, 
architectural  design,  detail  design.  Implementation,  and  mal  n+enance.  Hardware  and  software  functions 
are  broken  down  Into  single  action,  highly  Independent  functional  blocks,  Standard Izatl on  and 
consistency  In  the  design  of  these  blocks  Is  stressed,  the  net  result  Is  the  creaflon  of  reusable 
functional  blocks  that  can  be  used  In  multiple  applications.  Duplication,  In  turn,  results  In  Improved 
reliability,  reduced  testing,  and  an  overall  Increase  In  design  efficiency. 

Inherent  to  the  microprocessor  are  the  advantages  of  complex  (ogle  and  timing  capabilities  and 
flexibility.  In  the  control  units,  the  extensive  BIT  coverage,  control  and  protection  schumes,  and  ease 
of  function  modi f I  cation  Illustrate  those  advantages.  As  the  complexity  Increases,  the  nonrecurring 
costs  of  software  development  are  overshadowed  by  the  recurring  costs  of  producing  an  equivalent  discrete 
logic  alternative. 

Projected  advances  In  microprocessor  hardware  and  high-level  software  languages  will  yield  Improved 
data  handling  capabilities  as  well  as  reduced  parts  counts  and  software  development  costs.  As  a  result, 
future  generations  of  EPGS’s  will  use  microprocessors  to  perform  control  functions  of  Increasing 
complexity  such  as  voltago  regulation,  speed  control,  and  paralleling.  While  the  complexity  of  the 
control  functions  Increases,  the  parts  count  will  be  reduced  by  the  Introduction  of  single  chip 
microcomputers  and  memory  devices  with  expanded  storage  capacity. 

As  the  quantity  and  complexity  of  the  fund  Ions  performed  by  microprocessor-based  ERGS  control  units 
Increases,  new  hardwore  control  architectures  ma/  be  pursued.  Multi-processing,  distributed  processing, 
and  advanced  communication  schemes  offer  Increased  throughput  capacity,  ease  of  expansion,  and  Improved 
fault  tolerance.  This,  In  turn.  Improves  th<*  overall  performance,  reliability,  and  mal  n  to  l  nab  II  I  ty  of 
the  EPGS. 
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DISCUSSION 


G.B.Toync,  UK 

You  stated  that  the  incorporation  of  modifications  by  software  changes  (rather  than  hardware)  would  reduce  testing 
time.  However,  to  obtain  flight  clearance  requires  proper  testing  and  demonstration  whether  changes  are  in 
hardware  or  software.  Does  thus  mean  that  you  have  some  other  acceptable  method  of  validating  the  software? 

Author's  Reply 

By  incorporating  a  change  in  software,  rather  than  in  hardware,  testing  at  the  control  unit  subassembly  level  can  be 
minimized.  This  reduces  the  response  time  to  a  proposed  change,  it  is  agreed  that  functional  system  tests  for  the 
purpose  of  qualification  would  be  required. 


EH.Wame,  UK 

How  do  you  envisage  the  problem  of  control  of  software  modification  especially  in  high  level  languages? 
Furthermore  it  is  essential  to  maintain  full  visibility  in  such  systems. 

Author’s  Reply 

The  concern  fur  control  of  system  function  modification  is  real.  As  pointed  out  in  the  paper,  a  2 -thrust  pproach  is 
necessary.  Primarily,  a  structured  design  approach  greatly  reduces  the  possibility  of  error  by  imposing  strict  rules  on 
♦he  programmer.  Likewise,  written  code  is  subjected  to  a  predetermined  test  structure.  Second,  the  building  block 
approach  enables  the  designer  to  re-use  previously  verified  software.  The  structured  design  approach  and  the 
portability  provide  the  full  visibility  required. 


Ph.  Ramette,  Fr 

Panni  les  dtfveloppcinents  future  dc  (’application  des  microprocesseure  au  controle  dcs  systCmcs  dc  fourniture 
U'energie  61ectrique,  vous  avez.  mentioning  l’utilisation  dc  language  dc  haut  niveau  par  lcsquels  le  noinbre 
tl' instructions  est  r£duit  par  rapport  aux  languages  aetuels.  Pourrie/.  vous  dumier  des  precisions  sur  ccs  languages 
de  haut  niveau? 

Author’s  Reply 

The  question  is:  Could  I  provide  more  information  about  high  level  languages? 

Wc  arc  currently  using  PLM,  a  high  level  language  for  the  INTEL  microprocessors.  It  was  chosen  because  of  its 
availability  at  the  start  of  our  development  as  well  as  its  compatibility  with  our  existing  support  systems.  In  the 
future  wc  may  consider  ADA  which  is  promoted  by  the  US.  It  should  be  available  in  a  yeai  or  so. 
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-J^The  need  for  400  Hz  electric  power Ckeeps  on  increasing.^  airplanes^  Up  to  now  the  way  to  obtain 
constant  frequency  frem  variable  speed  drive  is  either  hydro  or  electro-mechanical.  New  conversion  systans 
arc  arising  :  they  %*k«^benefils  from  most^-recent  improvements  and  develojments  in  high  speed  electro- 
technics  and  power  electronics.  ^  . 


Rotational  speeds  running  at  more  than  24000  r/pim.  are  now  accessible  to  the  on-board  generator  and 
consequently  a  significant  improvement  of  power-to-Welght  ratio  is  obtained.  installation  of  such  a  ge¬ 
nerator  on  aircraft  entails  311  high  speed  gear  which  can  be  combined  with  it  or,  hotter,  installed  in  the 
accessory  gearbox.  ’The  cooling  of  the  whole  system  can  be  realized  by  air  or,  better,  by  oif^)elcctronic 
components  included.  Optimun  design  leads  to^jshar^  the  il  circuit  of  the  gearbox  with  the  generator  cooling 


systan. 
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400  HERTZ  Constant  Frequency  spread  nearly  to  all  AC  main  electric,  systems  on  military  and  civil  air¬ 
planes.  The  choices  result  from  analysis  made  by  design  offices  of  aircraft  manufacturers,  for  every  new 
aeronautical  program  and  many  factor-:  have  to  be  considered  mainly  : 

.  power  quality 

.  integral  weight  of  the  whole  system  i.c  the  generator  and  the  cunplete  electrical  equipment 
concerned 


.  economical  points  of  view. 


The  ’balance  leads  very  usually  to  choose  a  main  systan  with  400  Hz  constant  frequency  even  though  seme 
consunci  •  «l<*  not  strictly  need  constant  Frequency.  This  tendency  is  more  especially  frequent  as  the  power 
dwnand  on-houid  is  important. 

For  a  gmci  ior  supplying  main  electric,  systan,  a  mechanical  transmission  in  relation  with  the  speed 
of  the  engine  is  i-sod  :  this  transmission  is  generally  available  on  an  accessory  gearbox.  Therefore,  the  on¬ 
board  generator  nv  .t  be  able  to  convert  mechanical  energy  at  variable  speed  (directly  due  to  the  normal  en¬ 
gine  speed)  into  Lcctric  energy,  stabilized  in  voltage  and  frequency  (according  to  Mil,  G  7.1480  (l)  and  MIL 
STl)  704  (Z)  regulations). 

The  range  uf  speeds  available  shows  variable  ratios  between  maxinnin  and  minimiBn  speeds,  depending  on 
the  type  of  the  engine.  Cleneraliy  speaking  the  ratio  is  near  by  1.5/1  for  turboprops,  varies  from  1.9  to 
2.5/1  for  turbofans  and  can  reach  3/1  fur  some  turbojets. 


iUDAY  *  S  STATUS  (JF  400  Hz  GENEP.ATURS 

The  systemsbeing  usually  available  today  contain  an  AC  generator  driven  at  constant  speed  through  a  me¬ 
chanical  device  inserted  between  the  variable  speed  drive  and  the  generator,  the  principle  of  which  being 
either  hydrcmechanical  or  electromechanical  : 

-  The  well  known  hydrumechanical  conversion  is  mainly  developed  by  SUNDSTRAND  ;  constant  speed 
drives  are  supplied  either  separated  from  the  generator  (HI)  and  AGD  system)  or  combined  with 
it  as  realized  in  the  IDG  and  IDGS  systems, 

-  Another  system  based  on  an  elcctrumecliamcal  conversion  is  developed  by  AlfXILliC  in  France  ;  the 
system  known  as  "AUXIVAR"  is  entirely  integrated,  and  may  include  a  self  contained  gearbox  if 
the  speed  ratio  exceeds  1.6/1.  The  AUXIVAR  vario  alternators  are  well  fitted  for  large  speed 
ratios  up  t«i  3/1, 

With  the  hydrnmeclumicul  conversion,  the  drive  is  cooled  through  an  oil  circuit  by  an  oil-fuel  heat 
exchanger  which  is  a  part  of  the  aircraft  installation.  The  AC  generator  is  either  air-cooled  or,  and  inany 
case  with  the  IUU  systan,  oil  cooled,  particularly  with  oil-spray.  When  the  generator  is  oil-coolcd,  there 
is  preferably  only  one  oil-circuit  shared  by  the  drive  ami  the  AC  generator. 

With  the  electromechanical  conversion,  the  system  is  generally  air-cooled,  up  to  no  The  ram-air  is 
provided  either  1  ram  ,i  scoop  fitted  mi  tin:  aircraft  "skin”  or  in  the  engine  air  intake.  J he  installation  of 
such  an  equipnont  is  really  simple  as  no  extra  exchanger  is  needed, 

(1)  Military  spec i 1 icat ion  :  Generator  system  400  Hz  alternating  current,  aircraft  general  specification 
for. 

(2)  Military  standard  :  Aircraft  electric  puwer  characteristics. 


The  AC  generators  convert  the  constant  speed  mechanical  power  into  consiant  frequency  electric  power. 
Their  rotational  speed  gradually  increased  in  the  past  from  bOOO  r.p.m.  to  800(1  r.p.m,  after  then  frem 
8000  r.p.m.  to  12000  r.p.m.  Thus,  the  power  to  weight  ratio  and  size  ratio  of  the  generators  largely  impro¬ 
ved. 


NHW)  FOR  I1K3IFR  SPF1-DS 


As  a  typical  example,  the  weight  improvements  of  60  kVA  400  Hz  generators,  which  were  achieved  during 
these  last  20  years,  throw  light  upon  the  steps  of  this  evolution  : 


6000  r.p.m. 

4‘->  kg 

1,2  kVA/kg 

8000  r.p.m. 

3t>  kg 

1 .6  kVA/kg 

200u  r.p.m. 

il>  kg 

3,3  kVA/kg 

The  evolution  is  similar  with  constant  speed  drives.  For  instance,  for  a  00  kVA  IDG  drive  rated  for  a 
2/1  sjiecd  ratio,  when  the  minimum  infXJt  speed  changes  from  3700  to  9401)  r.p.m,  the  drive  weight  decreases 
from  20.4  to  20.9  kg  (8.5  kg  improvement,  nearly  30\)  .  Same  results  arc  obtained  with  electromechanical 
vario-altemators  :  a  speed  change  of  the  AC  generator  (ran  8000  r.p.m.  to  12000  r.p.m.  allows  for  an  in¬ 
crease  of  SOI  of  the  drive  speed.  Then,  fur  two  same  sized  machines,  a  power  increase  of  3M  and  a  decrease 
of  12  i  in  weight  can  he  obtained. 


Obviously,  the  evolution  in  cooling  technologies  and  the  use  of  new  materials  also  contributed  to  this 
increase  in  power  to  weight  ratio.  But  the  speed  is  and  will  remain  the  real  significant  (actor  of  improve¬ 
ment,  because  size  and  weight  of  an  electric  machine  (and  consequently  of  the  drive)  is  closely  related  , 
with  the  electromagnetic  torque  involved  in  the  power  conversion,  the  value  of  which  varies  inversely  to 
the  rotational  speed,  for  a  given  power.  The  elcctranagn  'c  size  of  the  generator  is  then  roughlv  given 
by  the  relation  ; 


M 
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with  : 

B  :  flux  density  in  the  air-grap 

A  :  peripheral  ampere  conductors  per  unit  of  length 
(armature  lineic  load). 


B11Y0ND  Till:  240(19  r.p.m,  LIMIT 

Therefore  today's  and  tomorrow'^  evolution  is  highly  related  with  the  increase  of  rotational  speeds. 
But,  at  first,  a  particular  attention  is  to  he  paid  to  polarity  and  frequency.  As  a  matter  of  fact,  it  is 
not  possible  to  increase  by  short  steps  the  speed  of  the  11)0  llz  AC  generators,  the  reason  being  inherently 
related  to  the  constancy  of  this  4(H)  Hz.  The  possible  speeds,  in  inverse  ratio  to  the  number  of  pairs  of 
poles,  must  fol low  discrete  series  :  at  400  Hz,  the  milestones  arc  6000,  8000,  12000,  24000  r.p.m.  (respec¬ 
tively  with  4,  3,  2  or  1  pair  (s)  of  poles).  400  Hz  AC  generators  fitted  on  the  more  recent  aircrafts  are 
driven  at  12000  r.p.m. 

The  "jump"  to  24000  r.p.m.  is  already  made  by  some  manufacturers  such  as  LULAS  AliRUSFALL  which  pre¬ 
sents  a  new  range  of  compact  generators  with  a  target  of  2  kVA/kg.  These  CLFG  generators  have  a  very  attrac¬ 
tive  power  to  weight  ratio,  nevertheless  one  question  remains  :  what  will  he  the  future  evolution  beyond  the 
24000  r.p.m.  limit,  closely  tightened  to  the  400  llz  frequency. 

In  fact,  a  response  can  be  found  in  the  tremendous  research  investment  afforded  for  many  years  h>  ma¬ 
nufacturer;  uf  electrutecluiical  devices  ind  electronic  component s ,  investment  altogether  shared  by  research 
workers  in  the  University  laboratories.  All  these  joint  efforts  have  led  to  the  electronic  means  of  power- 
conversion,  particularly  General  Hleetric  and  West inghouse  have  worked  a  lot  in  this  field,  AUXILLC  in 
France  is  also  much  concerned  with  solid  state  power  systems,  l.xamplcs  of  this  technology  arc  already  de¬ 
monstrated  on  military  aircraft  (A4,  F/A-1H,  AV-HR,  F5G) . 

The  proposed  systems  are  established  on  tlie  association  of  an  alternator  with  an  electronic  frequency 
changer.  The  alternator  is  driven  at  variable  speed  and  therefore  provides  a  variable  frequency  AL  power. 
This  new  concept  allows  to  relieve  the  alternator  of  the  400  Hz  burden  and  to  increase  significantly  the 
power  to  weight  ratio.  This  result  is  obtained  not  nn>v  because  the  alternator  is  driven  at  a  high  rotatio¬ 
nal  speed,  bi.it  also  because  it  delivers  AL  power  at  high  frequency  (f)  with  a  high  peripheral  velocity  in 
the  air  gap  (V)  in  order  to  give  more  valuable  advantages  to  high  speed  technologies. 

1  HtjH  FRhqUFNCY  ALTERNATORS 

The  point  is  that  increasing  the  polarity  of  the  alternator  instead  of  decreasing  it  (as  mentioned  here 
above)  leads  to  reduce  drastically  the  dead  electromagnetic  parts  such  as  stator  and  rotor  yokes,  windings 
overlings  and  field  coil  ends  as  shown  on  fig.  1.  It  can  be  easily  understood  in  comparing  the  morphology 
of  2,  4,  lb  poles  machines  and  their  respective  weights  (sec  fig.  2)  : 


Figure  1  :  Frequency  and  peripheral 
velocity  influence  on  weight 


Figure  2  :  Comparison  of  4,  2,  16 
poles  machines 


For  different  machines  delivering  the  same  power,  the  weight  of  active  electromagnetic  parts  is  approxima- 
tivcly  with  the  same  technology  : 
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Hz 
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N  - 

12000 

r.p.ra. 

Weight  -  M 

400 

HZ 
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24000 
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Weight  -  0.8  M 
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Hz 
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24000 
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24000 

r.p.ra. 

Weight  ■  0.37 M 

Frequencies  as  high  as  3200  Hz  are  henceforth  admissible  with  501  cobalt  laminations  ,  .1  imt  thick 
and  quite  compatible  with  modem  cooling  technologies  such  as  oil -cooling. 

HI (11  PFJUFHERAL  VELOCITY 

As  shown  on  fig.  1  again,  the  live  electronagnetic  weight  is  in  the  inverse  ratio  to  the  peripheral 
speed  and  frem  another  point  of  view  it  is  also  convenient  to  note  that  the  alternator  is  tied  with  static 
coniTuUt ion  circuits  and  must  be  conceived  with  relatively  low  cormutating  inductances  all  thv  more  as  tlv: 
system  is  due  to  operate  at  high  frequency.  This  emphasizes  interest  for  high  peripheral  speeds.  It  is  well 
understood  that  the  mechanical  stresses  of  the  rotor  vary  as  the  square  of  the  peripheral  speed  ;  in  addi¬ 
tion,  problems  of  critical  speed  have  to  be  taken  into  account,  Uowewer,  peripheral  velocities  near  by  240 
say  2SU  m/sec  are  now  accessible  within  the  power  ratings  in  use  on  aircraft,  either  with  wound  rotors  (W.R) 
or  with  permanent  magnet  (P.M)  machines. 

P.M.  ANT)  W.R.  MACHINES 

The  use  u(  peimanent  magnets  in  AC  generators  had  been  till  now  restricted  to  Auxiliary  Permanent  Ma- 
"net  Generators  of  a  1'lw  lamJi'ul  waits,  inserled  within  main  generators.  In  this  particular  field,  the  re¬ 
cent  advert  of  Samarium-Cobalt  Magnets  with  their  very  high  energy  density  up  to  2UU  kj/m3  as  shown  in  fig. 3 
[UGJMAG  RLUMA  25)  and  their  immunity  to  demagnetizing  effect  gave  wings  to  another  kind  of  AC  power  gene¬ 
ration  for  aircraft  application. 


Figure  ^  :  Compared  rv'i  fnmm'rs  of  S-'m:»rhr»i-cf4»;,l  t  l’_  cina  25  vith 
metallic  Ainico  magnets 
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It  is  now  possible  to  conceive  High  speed  Permanent  Magnet  Generators  of  sane  ten  kW  ;  they  are  very 
compact  in  size  and  weight  and  in  this  respect  highly  competitive  with  wound  rotor  machines  which  remain 
fonctionnally  more  complex.  As  brushless  machines,  P.M.  generators  do  not  need  a  3-  level  construction  as 
the  latter  with  exciter  and  auxiliary  P.M.G.  do.  In  addition  no  cooling  means  is  required  to  cool  the  ro¬ 
tor.  This  gives  considerable  simplification  to  the  rotor/shaft  architecture. 

In  order  to  illustrate  the  performances  offered  by  the  more  recent  high  speed  technics  it  is  possible 
to  mention  two  realizations  achieved  in  this  field  by  AUXILEC. 


Potential  performances 
at  the  highest 
speed  allowable 

Hated  power 

Overload 

Weight 

Rated  power  lo 
weight  rat  io 

P.M.  alternator 

90  kW 

180  kW 

n  kg 

7,5 

W.R.  alternator 

170  kVA 

340  kVA 

20  kg 

8,5 

FREQUENCY  CHANGER 

The  elec. runic  frequency  clanger  associated  with  the  higp  speed  alternator  may  refer  to  different 
structures  and  comnutation  technologies  : 


Direct  inverters  such  as  cycloconver¬ 
tor  (fig  4j  deal  directly  with  the 
waves  delivered  on  the  phases  of  the 
variable  frequency  alternator. 


Figure  -1  :  Cyclixxmverter  diagram 


ILTCBIATII  ■ECTIFKI 

I  I 


Indirect  inverters  such  as  rectifier 
inverter  (fig.  5)  call  for  an  inter¬ 
mediate  PC  li  ’ago  between  the  al¬ 
ternator  and  <  e  frequency  changer. 


Figtne  !i  :  Root  i ficr-  invei  ter  diagram 


I 
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Consequently  the  association  of  the 
alternator  with  the  electronic  inver 
ter  can  theoretically  take  on  four 
main  different  forms,  shown  in  fig. 

6  :  and  referenced  (A)  ,  (B)  ,  (C),(i)J 


Figure  b  :  The  four  different  forms  of  association 
alternator  -  electronic  inverter. 


The  more  advantageous  of  than  are  .surely  the  interlinkages  ref.  (A)  and  (B)  i.c  wound  rotor  (W.R)  ma¬ 
chine  with  cycloconverter  and  remanent  Magnet  (P.M)  machine  with  rectifier-  inverter. 

A  main  reason  for  this  derives  from  the  fact  tliat,  due  to  field  control,  a  wound  rotur  alternator, can 
provide  the  amount  of  reactive  energy  required  through  the  cycloconverter  without  weight  penalization  , 
whereas  a  P.M.  alternator  shsws  its  highest  performances  when  supplying  only  active  power  as  it  is  with 
rectifier  circuits. 

A  competition  is  open  b:turjen  the  two  conversion  systems  :  their  respective  chances  mainly  depend  on 
power  rating,  speed  ratio,  cooling  conditions  and  on  the  availability  of  the  electronic  components,  cither 
thyristors  or  power  transistors,  according  to  direct  current,  reverse  voltage,  turn-off  time  or  conutu..ating 
frequency  characteristics. 

Whatever  may  be  the  electronic  way  of  conversion  selected  the  system  shows  a  very  attractive  flexibi¬ 
lity  as  the  electronic  sub -assembly  can  be  installed  on  the  aircraft  separately  frem  the  alternator  as  well 
as  integrated  with  it  in  a  same  package. 

The  integrated  design  can  take  advantage  of  a  unique  oil-cooling  circuit  shared  by  the  alternator  and 
the  inverter. 

When  these  sub-assonbl ins  are  separated  on  the  aircraft,  their  cooling  systems  can  he  chosen  different 
for  instance  i.it-cooliug  for  the  alternator,  air-cooling  for  the  inverter.  In  any  case  however  • ',o  junction 
of  the  semi -conductors  wi  M  not  1>e  exposed  fn  a  temperature  exceeding  I20°C. 

To  give  an  idea  about  the  weight  of  different  types  of  inverters  conceived  by  AUXIJH1,  the  following 
figures  arc  proposed  hereunder  for  integrated  oil  cooled  items  ; 

Direct  conversion  with  thyristors  : 

4U  kVA  (80  kVA  overload) 

bO  kVA  (120  kVA  overload) 

Indirect  conversion  with  transistors  +  diodes  : 

30  -  40  k'VA  (60  kVA  overload)  :  16  kg 

75  -  00  kVA  (150  kVA  overload)  :  27  kg 

PhRi 

Which  advantages  are  expected  from  the  new  systems  and  which  problems  are  encountered  when  installing 
them  on  aiip lai-ey  7 

With  respect  to  the  intrinsic  perfu nuances,  it  is  obviously  possible  to  compare  the  respective  merits 
of  these  NEW  high  speed/sulid  state  power  systems  with  the  "traditional"  hydro -or  electro-mechanical  ones, 
which  have  been  largely  experienced  for  more  than  25  years.  However,  both  technologies  arc  improving,  in 
favor  of  un  ever  increasing  p<  icr  quality  and  of  an  enlarged  power  to  weight  ratio.  But  it  has  to  be  pointed 
out  that  it  is  in  the  area  of  high  power  electronics  and  high  specs!  teclinics  tint  the  more  recent  progresses 
have  been  the  more  significant. 

(!<vnp>ir tson  arguments  are  not  emphasized  in  the  limits  of  thi  document  :  the  reader  will  refer  to  the 
standards  defining  the  jmwer  quality  of  electronic  systems  such  as  i 1,  I;  23001  B  dealing  with  V.S(’F  systems. 
However,  here  follow  .-aum  out standing  points  which  liave  to  he  examined  : 


:  20  kg 
:  23  kg 
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-  High  speed/cl ectronic  conversion  systems  can  be  used,  with  no  restriction,  in  all  the  range  of  unit 
power  ratings  usually  involved  on  aircraft,  from  2(1  to  90  KVA,  further  if  necessary. 

-  Besides,  from  their  principle,  these  systans  are  perfectly  well  fitted  for  running  either  on  indepen- 
uant  or  paralleled  channels  with  synchronized  phases  whatever  may  be  the  load  or  speed  changes. 

-  The  field  of  allowable  speeds  referring  to  generator  power  rating  is  based  upon  the  technology  to  be 
worked  up  for  the  rotor  and  shaft  construction  from  which  derives  the  authorized  peripheral  velocity  of the 
rotor  considered  as  the  mechanical  fundamental  parameter  (Ref.  to  Appendix). 


Nan  (10  rp.«| 


figure  7  :  Potential  availability  of  high  speed  electric 
power  lor  aircraft  alternators 


With  a  per-  *  ,ti.i  vo’oeit)  of  240  m/scc  oi  r.o  the  field  spreads  as  it  is  shown  on  the  diagram  fig.  7 
in  which  ihe  m  .*  rotation  1  spejd  is  given  in  terms  of  the  "potential  rated  power"  cf  the  generator 
which  is  noth1'.  :*c  hut  the  prudurt  of  the  rated  power  available  at  the  lowest  speed  into  the  extreme 

speeds  ratio  ther  words  it  defines  the  power  availability  at  the  highest  speed. 

l;or  cy  i  h-  i  6()  l.VA  rated  power  generator  running  within  a  speed  range  of  2/1  ratio  would  result  in 

a  120  kVA  p  tc  »1  raiod  power  at  the  highest  speed  :  then  a  rotational  speed  up  to  45000  r.p.m.  or  40000 

l.p.n..  an  i.  cj-  J  respectively  with  W.R  and  P.M  machines.  Inside  this  field,  the  driving  speeds  are 

always  v  .  ,j.;  under-critical,  bearing  in  mind  that  variable  speed  operation  needs  to  reject  the  first 

critical  sf,..  \u  *■  operational  max  unun  speed. 

111(11  8TO  (TCMHOX 

As  a  matter  of  fact,  such  high  speeds  require  an  adaptation  of  the  existing  driving  means  with  the  in¬ 
terposition  of  a  step-up  gear  which  can  bo  separated  from  or  included  in  the  generator  or  preferably  in  the 
accessory  gearbox  (A.G.B.).  Operation  with  a  conventional  A.G.B  fitted  with  n  generator  incorporating  its 
own  step-up  gear  would  lead  to  a  double  mechanical  power  transformation  with,  as  a  result,  a  weight  and  effi¬ 
ciency  penalty.  On  the  other  iiand,  combining  directly  the  high  speed  gear  into  the  A.G.B  would  lead  presuma¬ 
bly  to  a  lighter  design  for  ihe  whole  us  the  cinematic  weight  is  approximately  proportiona 1  to  the  trans¬ 
mitted  mechanical  torque  wl>  li  decreases  as  the  speed  increases.  If  such  a  gear  is  not  available  in  the 
A.G.B,  a  space  and  weight  provision  is  needed  in  the  generator  for  mounting  a  step-up  gear  inserted  between 
the  A.G.B  pad  and  the  so  called  generator. 

Then  the  additional  weight  to  forecast  is  aliout  2,4  Kg  for  a  40  kVA  generator  and  3.2  kg  fo>  i  yo  kVA 
generator  with  a  set-up  ratio  of  appioAijuately  3/1. 

Al.THKNATOR  COOLING 

vSo  far,  tlie  emphasis  has  been  put  upon  oil  cooling  of  the  rotating  machine  and  of  the  inverter. 

Oil  cooling  is  fully  justified  by  the  proofs  given  for  many  years  on  8000  and  12000  r.p.m.  alternators. 
The  use  of  increasing  rotational  speeds  confirms  the  choice  of  oil  cooling  for  high  speed  rotating  machinery 
as  oil  is  needed  for  hall  hearings  lubrication.  More,  when  hydrodynamic  hearings  are  to  Ik?  used  at  very  high 
speeds,  oil  is  thoroughly  essential.  But  here  oil  cooling  means  oil  circulation  exclusively,  the  machine 
operating  in  a  dry  carcase.  It  must  tie  pointed  out  ttiat  with  high  rotational  speed  it  comes  useless  to  pro¬ 
ceed  with  oil  spray  techniques  under  pain  of  reaching  unacceptable  levels  of  drag  loss  as  these  losses  vary 
according  to  a  cubic  law  with  the  peripheral  speed  i-  e  : 

drag  loss  /\/V9d  (HDD  I  (KeJ 


with  d  f  average  density  oi  aii/oil 

f  (Kelvin  term  of  Reynolds  ;  Amber  in  the  uir  gap. 
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So  oil  spray  will  not  be  use  1  beyond  a  peripheral  speed  of  about  120  m/sec  in  the  air  gap. 

With  oil  circulating  in  appiopriate  internal  ducts  it  is  usually  possible  to  accept  an  oil  tenn  -rature  up 
to  130°C  for  continuous  operation  without- significant  reliability  alteration. 

INVEKlliK  COOLING 

For  the  inverter  sub-assembly  a  forced  convection  of  air  can  be  used  as  far  as  the  air  temperature 
allows  it.  On  subsonic  aircraft  when  the  inverter  is  remotely  located  consideration  can  be  given  to  a  di¬ 
rect  air  cooling  system  :  ram-air  cooling  is  available  In  flight,  and  on  ground  eithei  a  fan  or  a  suction 
effect  from  the  engine  air  intake  provides  the  necessas  air  flow. 

It  is  also  possible  to  take  advantage  of  oil  cooling  for  the  power  electronic  components.  Oil  ducts 
machined  in  the  near  vicinity  of  the  thyristors  or  transistors  give  considerable  reduction  to  junction  to 
oil  thermal  gradient.  Thermal  resistances  down  to  .25°C/W  can  now  be  achieved  and  as  a  result  ,  a  better 
reliability  is  obtained  for  the  inverter  \ith  .in  improved  power  to  weight  ratio  of  the  whole  power  compo¬ 
nents.  In  addition,  for  oil  to  fuel  heat  exclianger  lower  difficulties  are  encountered.  Nevertheless  oil 
temperature  must  remain  compatible  with  the  maximm  temperature  allowable  of  the  stani -conductors  :  then  a 
permanent  oil  tempt  ature  of  90°C  will  be  considered  as  acceptable  and  for  short  duration  excursion  to 
110°C  will  be  possii  le. 

Taking  into  account  the  difference  between  the  thermal  limits  allowed  for  alternator  and  inverter 
cooling  oil,  one  could  be  tempted  to  design  the  cooling  system  with  two  separate  circuits  with  two  tunpera- 
ture  levels.  As  an  example  a  (>0  kVA  cooling  system  could  he  specified  as  follows  : 


..  _  k  Individual 

lcn?f?nt  maximum 

max  o.l  temp.  ^  rcJw|  io 


Individual 
oil  flow 


18  1/min 


Such  a  dual  system  altlmugh  perfectly  rational  would  duplicate  pimps, exchangers  and  all  the  plumbing 
hardware. 

On  the  other  hand  care  for  simplicity  and  for  weight  and  cost  alleviation  would  give  preference  to  a 
unique  oil  system  uwmon  to  the  two  sub- assemblies  mainly  when  they  are  integrated  in  the  same  frame.  Then 
the  00  kVA  cooling  system  taken  above  as  un  example  will  be  specified  as  : 


Total  oil  flow 


Permanent  Total  maximum 

max  oil  temp.  heat  rejection 


In  order  to  provide  sufficient  lubricating  and  ccol ing  oil  flow  to  the  rotating  machine  and  other  Uiilt- 
iti  sub- assemblies  such  as  the  electronic  inverter  and  the  eventual  step-up  gear,  basic  hydraulic  devices 
with  external  heat  exchangei  must  hi.  foreseen. 


JJESIGN  FOR  AimiNCKXlS  OPI NATION 


For  nutwny  txit-tkispk.  these  devices 
may  be  considered  as  part  of  the  gene¬ 
ral  architecture  of  the  generator.  More 
benefits  can  be  derived  from  an  hydrau¬ 
lic  system  shared  between  the  drive 
gearbox  and  the  generator.  With  the 
self  contained  const  ruction  shown  in 
fig.  H  in  addition  to  the  oil  jxmp  and 
pimp  geuring,  all  the  usual  hydraulic 
hardware  must  be  included  in  the  gene¬ 
rator  such  as  oil  lilt  r,  relief  valve, 
simp,  oil-level  indica  nt  and  so  un. 


'  from  h«dt  mch«ng«r 


to  hast  oxchangar 


Figure  8  :  (Ien«  rator  internal  oil  system 
fui  ;uit(inou.s  operation 


18-8 


DESIGN  H)R  AN  OPT!  MM  INSTAUATION 


All  these  functions  being  already  present 
in  the  drive  gearbox,  it  is  indisputably 
profitable  to  sltue  the  hydroul  ic cooling  system 
between  the  gearbox  and  the  generator  as 
shown  in  fig.  9.  Then  only  one  heat  exchan¬ 
ger  is  needed.  When  thd  generator  is  con¬ 
ceived  with  a  dry  drained  case  no  argu¬ 
ment  invoking  oil  pollution  can  be  sus¬ 
tained  as  during  its  transit  through  the 
gen^»"i*or,  oil  is  not  exposed  to  mate¬ 
rials  of  a  kind  different  frem  those 
included  in  the  gearbox  such  as  hearings, 
rotating  seals,  gears,  or  aluniniim  cas¬ 
tings. 


UNIQUE  HEAT  EXCHANGER 


figure  ')  :  Hull  integration  of  high  speed  drive 
arxl  hydraulic  hardware  in  the  gearbox 


111  addition,  the  inclusion  of  the  high  speed  gear  in  the  gearbox  affords  obviously  an  elegant  and  lo¬ 
git  nl  solution,  all  the  mechanical  components  being  brought  together  in  a  sole  framework. 

This  optimum  design  secures  the  whole  system  for  significant  weight  saving,  simplicity  and  improved 
reliability. 

Taking  benefit  from  these  installation  arrangements  tl»e  high  spced/solid  state  power  sysian  slxws  mini¬ 
mum  weight  and  size  particularly  with  the  integrated  package  where  the  power  electronic  cumixjiicnts  surrounds 
the  alternator. 

Now,  such  u  configuration  boars  comparison  with  the  convent ioiuiai  systems  in  terms  of  power  to  weight 
ratio  as  1.8  kVA/kg  is  today  accessible  with  AlJXlLlil!  (1  Ft!  system:  this  ratio  will  rapidly  improve  to  2kVA/kg 
and  more  within  the  next  5  years. 

1 II !AT  FX<  !J  1ANC1  ;U  DIuS  HiN 

The  choice  'or  air  or  fuel  heat  sink  depends  mainly  on  the  flight,  profile  of  the  aircraft,  (ienerally 
speeaking,  for  supersonic  Right  condition,  fuel  is  the  prime  available  heat  sink  :  the  oil  to  fuel  exenan- 
K or  is  designed  taking  into  consideration  the  conjunction  of  a  moxiimm  heat  rejection  witli  u  ininiiiuim  fuel 
flow  hearing  in  mind  the  tem[>eiature  limits  of  both  fluids.  For  subsonic  flight  conditions  an  oil  to  air 
Jurat  exchanger  can  he  used  for  total  Jurat  transfer  or  as  a  complement  to  a  buslc  oil  to  fuel  system  when 
low  fuel  flow  conditions  art?  encountered  for  instance  with  very  low  aircraft  speed. 

roWTUSinN  ANI)  RlfltMliiNfWntJN 

Vr»y  important  efforts  liave  been  devoted  to  new  400  Hz  generating  systems  based  ujxm  high  speed/ sol  id 
state  |M>wer  conversion.  These  new  systems  sIkjv:  already  attractive  jKrrfo nuances.  Outstanding  improvements 
will  still  arise  in  a  near  future.  Paramount  hcnciits  can  iiitw  he  expected  front  this  new  teclmology  if  a 
careful  attention  is  puid  t.o  an  uptimun  design  of  the  high  speed  drive,  hydraulic,  and  cooling  arrangement. 

In  this  respect  an  adaptation  of  the  accessory  or  engine  gearbox  is  of  tJie  first  importance. 


AITOiniX 

The  curves  Nmax  =  £(}»),  fig.  (>f  results  fran  the  dimensional  electromagnetic  law  of  the  alternator  and 
from  the  expression  of  the  critical  speed  of  the  rotor  shaft  in  terms  of  the  essential  dimensions  of  the 
machine ,  i .  c  : 

rotor  size  [i>2  .  l.|  'v'  Nx  *’  g, ^  ID 

/  ns  y/i 

critical  speed  N^rit  .3/  U) 

V*  \Mr  *'S/ 


with  :  I) 

1, 
1* 
N 
II 
A 

r 


Is 

Hr 

hs 


rotor  diameter 

iron  core  length 

electrical  jwwcr 

rotational  speed 

air  gap  flux  density 

armature  lineic  load 

static  sag  of  Die  sliaft 

shaft  material  imxlulus  of  elasticity 

polar  inertia  of  the  shaft  ✓%✓!)«£  * 

rotor  weight,  /-x^li2], 

effective  sliaft  length 

effective  shaft  diameter 


B,  flux  density  in  the  air  gap  can  lx*  considered  as  a  semi  constant  :  its  variation  with 
ol  the  rotor  can  be  approached  lor  medium  power  machine  according  to  the  law  : 


1>  diameter 


B  - 


'  I) 


l)n  the  other  hand,  A,  lineic  lojid  varies  more  significantly  with  II.  For  a  given  copjwr  loss  dens  it  > 
of  the  armature  (loss'  s  to  air  gap  area  rutio)  depending  on  cooling  technology,  the  expression  of  which  is 
0  -  pA&  (p,  resist  ivity,  rS  ,  i  nr  rent  density)  and  with  a  slot  depth  assumed  to  he  hunothet  ic  with  1), 
the  following  law  can  he  retained  lor  A  ; 


-0, 


l) 


.0.  s 


\ 

• I 
\ 


In  other  respects  the  three  following  coefficients  are  defined 


kn  ' 

maximum  allowed  speed  Knax 

critical  speed  Nr.rit. 

Kl)  " 

shaft  diameter 
rotor  diameter  J) 

KL  - 

alternator  iron  core  length  L 

effective  shaft  length  1-s 

relations  (1)  and  (2)  t lien  become 

1* 

Id2)]  x  \)iri  it  °-s  n 

0) 

Nnuix  / 

<vKN  Ncrit^yj-  Kn  K„?  D|.1,5 

14) 

ll  is  assumed  that  the  maximon  rotor  periphered  velocity  ^  1  ini  according  to  t.)ie  < oust  ruction  technolo¬ 
gy  is  reached  for  a  rotational  speed  equal  to  the  maximun  alluv.d  S{x*ed  Nmax 

-*  • 11  ^  \  im  /  1 1 N  m;lx 


Under  these  assumptions  relation  (4)  becumes 


I. 

Ti 


W'-"' 

im(>*  F) 


Kl)  Kl, 


and  HJWIiR  ’lft  SPI-I-I)  relation  h wanes 
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vlim 


Njnax  2-66 


Kn0-5  Kd  Kl0-75  6  0.5 


The  curve  Hnax  *  f  (P)  is  plotted  according  to  this  basic  relation  for  W.R.and  P.M. machines  assuning 
Vlim  =  240  m/sec,  P  being  defined  as  rated  powt-r  with  provision  for  2001  overload. 

The  weight  of  the  active  electromagnetic  parts  of  the  machine  i  « 


1)3 


V 


Vlim0'5 

and  along  the  »  f  (P)  curves  the  IKM1R  10  WlilGIfT  RATIO  follows  th  '  law  : 

N  (3  ° * 5 

The  table  hereunder  gives  example  of  the  evolution  of  these  parameters  in  terms  of  and  Hnax  assu¬ 
ming  the  other  coefficients  to  ho  constant. 


Nmax 

Vlim 

P (Nmax) 

D/I. 

P/M 

constant 

+  2!.  % 

x  2 

+  121 

+  161 

+  3(1  l 

constant 

x  1/2 

constant 

+  91 

I 

J 


-  ¥ 

.  r  .  i  ^ 


DISCUSSION 


Ph,  Ramette,  Fr 

Lcs  transisto:..  nc  se  comportent-ils  pas  mieux  que  les  thyristors  vis  &  vis  lies  pioblemes  d'l.Ii.M.? 

Author’s  Reply 

Les  transistors  dc  puissance  sont  des  seini-conducteur«  rapides  (t.on,  t.of('<  1  /is)  rcblocables  par  les  circuits  do 
conunande  dc  base;  dc  cc  fait,  ils  sont  mieux  adaptes  a  la  modulation  de  largcur  d'impulsion  (P.W.M.)  que  les 
thyristors  (meilleur  cumpromis,  masse  rendement)  et  ils  procurent  unc  ineilleurc  compalibilit6  clectromagnctiquc 
(K.M.C.). 

Ln  eontrepurtie  ces  composants  presentent  actuclleincnt  des  gains  trop  foibles,  qui  neocssitent  une  conunande  de 
base  plus  voiurnineuse  que  idle  des  SCR. 

Pour  Pinstant  lcs  calibres  en  courant  des  transistors  sont  inforieurs  quelqucs  100  A  ct  '  i  limitation  en  tension  cst  dc 
I’ordrede  1000  V. 

On  pout  dire  que  lcs  thyristors  sont  arrives  a  “maturite  industriclle”  aiors  que  les  trensistors  de  puissance  sont  encore 
en  pleinc  evolution. 
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CHAIRMAN’S  SUMMARY 

by 

Cl. Winter  fold 

Chaiman  ol‘  the  Programme  Committee 


Trying  to  summarise  at  the  end  of  this  meeting  one  can  make  the  following  statements: 

Auxiliary  or  Secondary  Power  Systems  arc  very  complex  systems.  Having  to  fulfil  many  and  different  tasks,  the 
constraints  under  which  these  systems  have  to  work  demand  the  hest  possible  compromise. 

Experiences  with  existing  systems  have  been  carefully  examined.  They  show  the  various  options,  from  which 
progress  towards  hetter  performance  and  efficiency  as  well  as  towards  lower  life  cycle  cost  can  he  expected.  The  main 
avenues  of  progress  are: 

Advances  in  small  gas  turbine  technology,  mainly  turbomachinery  design  and  manufacturing  processes,  thereby 
providing  lower  system  weight  and  lower  acquisition  cost.  An  interesting  feature  seems  to  he  the  expendable  gasifier  by 
which  costs  for  overhaul  can  be  lowered. 

New  concepts  for  the  Secondary  Power  Systems  of  military  aircraft  including  the  requirements  for  redundancy  arc 
evolving,  for  example  pneumatic  instead  of  mechanical  coupling  between  gear  boxes  and  APU/M.H. 

New  approaches  for  heat  rejection  from  Secondary  Power  Systems  are  required.  Some  solutions  have  been 
indicated  and  must  be  further  studied  within  a  systems  concept. 

-  Systems  optimisation  by  closer  cooperation  between  the  designers  of  the  airframe,  the  main  engine  and  the 
secondary  pot  *r  system,  as  well  as  with  the  users,  can  provide  more  efficient  solutions  withour  compromising  engine  and 
airframe  performance. 

In  the  civil  transport  sector  operating  cost  reduction*;  can  be  achieved  by  a  careful  planning  of  the  APU’s  usage 
together  with  ground  power  units.  However,  the  general  opinion  seems  to  be  that  on -board -auxiliary  power  units  arc 
necessary  in  order  to  guarantee  the  needed  airline  operational  flexibility. 
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14.  Abstract 

>  The  Conference  Proceedings  contain  18  papers  presented  at  the  ,GARD  Propulsion  and 
Energetics  Panel  61st  B  Specialists'  Meeting  on  Auxiliary  Power  .Systems,, which  was  held  in 
Copenhagen,  Denmark,  on  30  and  31  May  1 983£jQucstions  and  answers  of  the  discussions 
follow  each  paper. 

,  v»  ' 

The  Speciafjsts’'Meetiiig  was  arranged  in  3  sessions;  Requirements  for  Auxiliary  Power 
Systems  (4^;  Provision  of  Auxiliary  Power  (10);  and  F.lcctrical/Hydraulical  Systems/Coobng 
of  Equipment  (4).  71  he  Specialists’  Meeting  was  finalized  with  some  concluding  remarks  by 
the  Programme  Committee  Chairman.  , 

'  7;  it  .  •  ■  ,  i  .•  >(  ; 

For  the  provision  of  auxiliary  powel^  various  technical  systcnis.have  been  dcveloper^nd  new 
solutions  discusssed.  It  was^he  purpose  of  the  meeting  to  review  the  current  state-ot-thc-art, 
to  exchange  experiences  and  to  discuss  future  problems  of  auxiliary  power  generation 
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